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1.0  INTRODUCTION 

During  recent  years  significant  progress  has  been  made 
in  the  development  of  silicon-base  ceramic  materials  for  turbine 
engine  applications.  Silicon  nitride  and  silicon  carbide,  in 
hot  pressed,  reaction  bonded,  and  pressureless  sintered  forms, 
have  shown  the  most  potential.  In  order  for  these  materials  to 
be  used  by  component  designers,  comprehensive  property  character- 
ization must  be  accomplished. 

A wide  variety  of  silicon  nitride  and  silicon  carbide 
materials  are  continually  emerging.  The  Interagency  Coordi- 
nation Group  for  the  Application  of  Ceramics  to  Turbine  Engines 
recognized  the  need  for  a valid  comparison  of  such  materials 
through  an  independent  laboratory  using  controlled  techniques 
and  test  parameters.  The  Air  Force  initiated  the  present 
program  (Contract  F33615-75-C-5196)  two  years  ago  with  IIT 
Research  Institute  (IITRI)  to  fulfill  this  need. 

The  overall  objective  of  this  program  is  to  select  and 
characterize  silicon  nitride  and  silicon  carbide  materials  for 
use  as  ceramic  components  in  high  temperature  gas  turbines. 
Various  thermal  and  mechanical  properties  are  being  generated, 
together  with  interpretation  with  respect  to  microstructure , 
purity,  flaws,  and  secondary  phases.  This  evaluation  is  com- 
prehensive in  that  property  behavior  is  related  to  pre-test 
NDE  characterization  and  post-test  fractographlc  failure  mode 
analysis.  Additionally,  statistical  analysis  and  data  corre- 
lation techniques  are  being  applied  to  the  generated  data. 
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Process-related  effects  are  studied  through  measurement 
of  batch- to-batch  variability  of  the  materials  that  are  pro- 
duced in  commercial  quantities.  Environmental  effects  are 
being  studied  through  exposure  to  static  oxidation  conditions.  Additionally, 
simulated  gas  turbine  exposure  is  being  accomplished  through 
hot  gas  exposure  and  fatigue  testing  at  NASA-Lewis  Research 
Center.  This  work  is  a beginning  effort  to  establish  a 
computerized  information  storage  and  retrieval  data  base 
system  for  candidate  ceramic  gas  turbine  materials. 

Initially  this  program  entailed  a four  phase  effort 
that  involved  1)  screening  evaluation  of  four  candidate  materials, 

2)  comprehensive  property  data  generation  on  selected  candidates, 

3)  effect  of  scale  up  to  vane  size  on  material  properties,  effect 
of  simulated  turbine  environment  on  properties,  and  evaluation 
of  properties  on  samples  taken  from  components  which  have  been 
rig  tested,  and  4)  screening  evaluation  of  promising  new 
materials,  not  necessarily  in  current  production.  The  scope  of 
the  program  has  recently  been  altered,  however,  due  to  1)  the 
unavailability  of  a concurrent  engine  program  to  supply  vane 
components,  and  2)  a current  Air  Force  need  for  a screening 
evaluation  on  a much  broader  range  of  materials. 

Therefore,  this  program  now  has  two  phases.  The 
first  phase  is  the  original  phase  I screening  evaluation  of  the 
thermal  and  mechanical  properties  of  Norton  hot-pressed  and 
reaction  sintered  Si^N^,  Norton  siliconized  SiC,  and  Kaweckl- 
Berylco  reaction  sintered  Si^N^.  Phase  I work  is  nearing 
completion.  Phase  II  is  currently  in  progress.  The  screening 
and  characterization  work  in  this  phase  is  broader.  A wide 
variety  of  silicon-base  materials  is  being  investigated,  ranging 
from  additional  commercially  available  ones  to  promising 
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new  materials.  Potential  turbine  materials  being  characterized 
are  not  limited  to  those  used  for  vanes,  but  also  include  lower 
temperature  components  such  as  bearings  and  seals.  In 
particular,  Phase  II  is  directed  to  evaluating  materials  that 
had  previously  been  developed  in-house  or  contractually  by 
members  of  the  Interagency  Coordination  Group  for  the  Appli- 
cation of  Ceramics  to  Turbine  Engines.  Phase  II  samples  have 
been  supplied  for  characterization  by  Kyocera  International 
(hot-pressed  and  sintered  Si^N^) , Carborundum  (sintered  SiC) , 
General  Electric  (sintered  SiC) , and  the  Naval  Research 
Laboratory  (hot-pressed  Si^N^/ZrC^  additives).  Other  materials 
are  presently  in  various  stages  of  procurement. 

This  interim  technical  report  covers  the  following  areas : 
1)  brief  review  of  previous  mechanical  property  results  with 
addition  of  fractographic  failure  mode  analysis  where  currently 
available,  impurity  and  microstructure  characterization,  2) 
extensive  thermal  property  information  on  Phase  I materials, 
and  3)  limited  mechanical  property  data  on  Phase  II  materials. 
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2.0  MATERIALS  STUDIED 

Phase  I materials  are  shown  in  Table  2.1  and  consist  of: 
Norton  NC-132  hot-pressed  Si^N^,  Norton  NC-435  siliconized  SiC, 
Norton  NC-350  reaction  sintered  Si^N^,  and  Kawecki-Berylco  re- 
action sintered  Si^N^.  The  rationale  for  selecting  these 

materials  and  further  descriptive  processing  information  was 

(1  2} 

presented  in  previous  interim  technical  reports'  ’ ' . 


Phase  II  samples  have  been  supplied  for  testing  by 
Kyocera  International  (hot-pressed  and  sintered  Si^N^) , 
Carborundum  (sintered  SiC) , General  Electric  (sintered  SiC) , 
and  Naval  Research  Laboratory  (hot-pressed  Si^N^-ZrC^  additive) . 
Specific  description  of  these  materials  is  presented  in  Tables 
2.2  and  2.3.  Batch-to-batch  variability  is  not  being  included 
in  the  broad  Phase  II  work  as  it  was  in  Phase  I,  in  order  to 
look  at  additional  tests  and  a much  wider  variety  of  materials. 

In  general  Phase  II  samples  are  not  readily  available  since 
most  are  developmental,  and  not  commercial  materials. 

Other  organizations  who  are  currently  preparing  samples  to 
be  included  in  Phase  II  include:  Ceradyne  (hot-pressed  Si^N^) , 
Kawecki-Berylco  (reaction  bonded  Si^N^) , Ford  Motor  Company 
(reaction  bonded  Si3N^) , GTE  Sylvania  (sintered  Si3N^) , Garrett/ 
AiResearch  (reaction  bonded  SijN^) , Norton  (hot-pressed  SijN^- 
Y203  additive) , Harbison-Walker  (hot-pressed  SijN^-Ceria  additive) 
Raytheon  (reaction  sintered  SijN^) , Fiber  Materials  (hot-pressed 
Si^N^) , British  Nuclear  Fuels  (SiC) , and  Associated  Engineering 
(reaction  sintered  SijN^) . Additional  materials  are  being  con- 
sidered as  they  become  available. 
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TABLE  2.2 


SECOND  PHASE  MATERIALS  CURRENTLY  BEING  CHARACTERIZED 


MATERIAL 

DESIGNATION 

SUPPLIER 

DESCRIPTION 

Si3N4 

SN-3 

Kyocera 

Hot  Pressed 

Si3N4 

SN-201 

Kyocera 

Sintered 

Si3N4 

SN-205 

Kyocera 

Sintered 

SiC 

- 

Carborundum 

Sintered  (a) 

SIC 

- 

General  Electric 

Sintered  (B) , 
boron  doped 

St3N4-Zr02 

Naval  Research 
Laboratories 

Various  Hot- 
Pressed  Si3N4 
Compositions  w/ 
4-16  w/o  Zr02 
Additions. 

(See  Table  III) 
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TABLE  2.3 


[ 


I 

I 

I 

E 

E 

0 

0 

0 

D 

0 

0 

0 

0 

0 

E 

E 

0 

0 

0 


Ukii 


NRL  MATERIALS  - Expect  -200  samples  eventually 
HP  Si3N4  + Zr02 


FIRST  NRL  SET  OF  SljN^  SPECIMENS  FOR  IITRI 
MATERIALS  TESTING 


COMPOSITION 

HOT  PRESSING  # 

# OF  BARS 

4 w/o  Zr02 

SIN-VH3-120 

AME-85;  Tam  Mono  Zr09 

Wet  Milled  A1203 

8 

8 w/o  Zr02 

SIN-VH3-121 

AME-85;  Y9O3  Stab  ZrO, 

Wet  WC  Milled 

3 

8 w/o  Zr02 

SIN-VH3-123 

AME-85;  C.E.  min  Zr09 

Wet  WC  Milled  z 

10 

12  w/o  Zr02 

SIN-VH3-128 

AME-85;  Tam  Mono  Zr02 

3 

16  w/o  Zr02 

SIN-VH3- 129 

AME-85;  Tam  Mono  Zr02 

5 
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SPECIMEN 

DESIGNATION 

R1F1-8 

R2F1-3 

R3F1-10 

R4FI-3 

R5F1-5 
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3.0  EVALUATION  MATRICES 

All  samples  that  have  been  evaluated  on  this  program  have  beer 
machined  by  the  supplier.  Prior  to  testing  each  specimen  is 
subjected  to  various  evaluations  as  shown  in  Table  3.1.  Addi- 
tionally, AFML  conducts  microstructural  analysis,  phase  identi- 
fication, and  impurity  analysis  on  each  material  studied. 

Post-test  activities  include  fractographic  failure  mode  analysis 
(performed  in  Phase  I by  M.  Mendiratta  of  Systems  Research 
Laboratories,  P,  L.  Land  and  R,  Ruh  of  AFML,  and  R.W.  Rice  of 
NRL;  to  be  performed  jointly  by  AFML  and  IITRI  personnel  for  subr 
sequent  materials  in  Phase  II) , correlation  of  property  data 
generated,  and  statistical  analysis  of  data. 

Phase  I materials  (NC-132,  NC-435,  NC-350,  and  KBI  RSSN) 
were  evaluated  in  air  at  various  temperatures  from  25°  to  1500°C 
for  flexural  strength  (including  stress -strain  behavior), 
flexural  creep,  creep  rupture,  fracture  toughness,  thermal  ex- 
pansion, thermal  diffusivity,  thermal  shock,  and  hot  gas  ex- 
posure/fatigue as  shown  in  Table  3.2.  Detailed  methods  were 

n 2) 

presented  elsewhere'  ’ 

The  general  tests  being  conducted  in  the  broad  second  phase 
effort  are  shown  in  Table  3.3.  Specific  test  plans  for  the 
materials  currently  in-house  are  presented  in  Tables  3. 4-3. 7 
Specific  tests  and  conditions  are  determined  based  on  the  ex- 
pected performance  characteristics  of  each  material,  and  the 
number  of  test  samples  available.  All  test  material  for  the 
broad  second  phase  effort  have  been  and  ere  expected  to  continue 
to  be  supplied  at  no  charge  by  the  manufacturer.  In  some  cases 
IITRI  or  AFML  will  arrange  to  have  test  samples  machined  from 
supplied  material  billets. 
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TABLE  3.  1 


PRE-TEST  EVALUATION 


• Visual  inspection  (surface  damage,  features) 


• Surface  finish  (<20  RMS  y-in.  being  the  generally 
applied  acceptance  criterion) 


• Density,  Porosity  characterization 


• X-radiographic  inspection  (at  AFML) 


• Ultrasonic  NDE  (through  transmission  or  pulse 
echo)  Phase  I materials  only. 


POST-TEST  EVALUATION 


• Fractographic  analysis 


• Data  correlation/statistical  analysis 
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TABLE  3.2 


PHASE  I TEST  MATRIX/ BATCH* 

Contract  T33615-73-C-5196 


Test 

• Flexural  Strength, 
Modulus,  Stress- 
Strain  (Ground) 

• Flexural  Strength, 
and  Modulus 

(As  Fired) 

• Creep (Flexural) 

• Fracture  Toughness 
(Double  Torsion) 

• Creep  Rupture 
(Flexural) 

• NDE 

• Micros true tural 
Examination,  Phase 
Identification, 
Impurity  Analysis 

• Thermal  Expansion 

• Thermal  Diffusivity 

• Thermal  Shock 

•Hot  Gas  Exposure 
and  Fatigue 


25°C  1200°C  1350°C  1500°C 

10  10  10  10 


10/Material  NC-350 

3 3 

3 - 3 

3 3 

Density,  Porosity,  Surface  Finish  (20  Micro  In.) 
Ultrasonic  Scan  on  All  Specimens 
X-radiography  on  All  Specimens  (AFML) 

by  AFML:  2 Specimens /Batch 


Room  Temperature-*-1500°C , 3 Specimens 

2 Directions  (h.p.  only):  3 Specimens  Each 
RT,  1000-*1500°C 

Quench  at  various  AT,  Monitor  internal  friction 
change 

3 Spec/ Batch  (HASA-Lewis  to  perform  testing 
on  Mach  1 Burner  Rig) 


• 

• A materials  to  be  studied  in  Phase  I,  Screening. 

• 3 batches  of  each  material  to  be  included,  except  NCrl32  which 
has  2 batches. 

• Numbers  in  Table  indicate  number  of  specimens  per  batch  at  each 
temperature. 
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TABLE  3.3 


SECOND  PHASE  - GENERAL  MATRIX 


I.  Flexural  Strength  and  Modulus 

RT  + 3 elevated  T's  (1500°C  max) 
7 samples  per  condition 


2.  Controlled  Flaw  Fracture  Toughness 
RT  + 3 elevated  T's  (1500°C  max) 

3 samples  per  condition 

3.  Room  Temperature  Flexure  Strength  After 
Long  Term,  High  Temperature  Anneal  under 
Oxidizing  Conditions 

4.  Thermal  Shock  (water  quench,  internal 
friction) 


5.  Creep,  14Q0*15Q0°C 


6.  Thermal  Expansion,  RT-r>*15Q0oC 

7.  Thermal  Diffusivity,  RT 150Q°C 


TABLE  3.4 


| 

i 


' 


KYOCERA  MATERIALS 

I . MATERIALS 


1. 

SN-3  HP  Si3N4 

2. 

SN-201  Sintered  Si3N4 

3. 

SN-205  Sintered  Si3N4 

TEST 

MATRIX 

I. 

Flexural  Strength/Modulus,  25°C 

No.  of  Sampli 

2. 

Controlled  Surface  Flaw  Fracture 
Tough. , 25 °C 

2 

3. 

Flexural  Tests  at  750°C,  1000°C, 
1125-1250°C 

5 each 

Total 

24 

III  IKSlMCt* 


TABLE  3.5 

CARBORUNDUM  SINTERED  a-SiC 
TEST  MATRIX 


TEST 

Flexural  Strength/Modulus 
25°C  + 3 elevated  T's 


2.  Controlled  Flaw  Fracture  Toughness 
25°C  + 3 elevated  T's 


25°C  Flexural  Strength  After 
Long  Term , High  Temperature  Anneal 
under  Oxidizing  Conditions 

Thermal  Shock 

Water  Quench,  Internal  Friction 


5 .  Thermal  Expansion 
25°-1500°C 


6.  Creep  + Creep  Rupture 
Various  T,  a 


7.  Thermal  Diffusivity 


NO.  SAMPLES 
7 per  condition 


3 per  condition 
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TABLE  3.6 


GENERAL  ELECTRIC  BORON-DOPED 
SINTERED  B-SiC 

TEST  MATRIX 


TEST 

1.  Flexural  Strength/Modulus 
25 °C  + 3 elevated  T's 


2.  Controlled  Flaw  Fracture  Toughness 
25°C  + 3 elevated  T's 


3.  25 °C  Flexure  Strength  After 

Long  Term  , high  temperature  anneal 
under  oxidizing  conditions 

4.  Thermal  Shock 

Water  Quench,  Internal  Friction 


5.  Thermal  Expansion 
25°-1500°C 


6.  Creep  + Creep  Rupture 
Various  T,  o 


7.  Thermal  Diffusivity 


III  HtfTITJITI 


NO.  SAMPLES 
7 per  condition 

3 per  condition 

4 

5 

3 

7 

3 
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TABLE  3.7 


NAVAL  RESEARCH  LABORATORY  MATERIALS 
PRELIMINARY  TEST  MATRIX 


1.  Flexural  Strength  and  Modulus 
25°,  1200,  1350,  1500°C 


2.  Thermal  Expansion 
25°-1500°C 

Heating  and  Cooling  Cycle 


3.  Creep  Rupture 


A.  Thermal  Dlffusivlty 
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Future  tests  to  be  conducted  on  this  program  are  not 
limited  to  those  previously  mentioned.  Additional  studies 
planned  or  being  considered  depend  on  the  material/ application, 
but  include:  controlled  flaw  fracture  toughness,  low  and 
high  cycle  fatigue,  ballistic  impact,  effect  of  various  oxi- 
dation exposures  on  strength,  tensile  properties,  slow  crack 
growth,  torch/air  blast  thermal  shock/ fatigue,  and  life 
prediction/proof  testing.  A more  complete  listing  is  provided 
in  Table  3.8. 


For  all  materials  studied  to  date,  the  specimen  identi- 
fication scheme  is  presented  in  Tables  3.9  and  3.10. 


TABLE  3.8 

ADDITIONAL  TESTS  TO  BE  CONSIDERED 
FOR  FUTURE  WORK  - NEW  MATERIALS  - VARIATIONS  ON  OLD 

Controlled  Flaw  Fracture  Toughness 

Low  and  High  Cycle  Fatigue  (+0- , fully  reversed  (SCG) . 

Ballistic  Impact  (SEM,  residual  o,  AQ  *) 

Effect  of  Oxidation  Exposure  on  Strength 
a)  optimize  heat  treatment,  b)  long  term  degradation 

Tensile  properties  (strength,  creep) 

Slow  crack  growth  (double  torsion- load  relaxation) 

Creep  + Creep  Rupture  (stepwise) 

including  SEM/TEM  microstructural  analysis  of  crept  specimens 

Torch/Air  Blast  Thermal  Shock/Fatigue 

Thermal  Fatigue 

Life  Prediction 

Proof  Testing 
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TABLE  3.9 

SAMPLE  DESIGNATION  SCHEME 


Sample  Number  11HG01:* 


The  sample  number  shown  as  an  example  represents  an  exposure/ 
fatigue  sample  from  batch  one  (1)  of  NC-132.  It  has  a sample 
sequence  number  of  one  (1),  indicating  replication. 

Only  for  Phase  I materials.  Composition  number  for  NRL  materials. 

Most  Second  Phase  samples  used  the  "F"  designation,  even  though 
they  were  used  for  creep,  thermal  expansion,  and  fracture 
toughness  evaluation  as  well  as  flexural  strength  and  deformation 
tests. 
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FIRST  CHARACTER 
OF  SAMPLE  CODE 

0 

1 

2 

3 

4 

5 

6 

7 

8 
9 
A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 
0 
P 

Q 

R 

S 

T 

U 

V 
W 
X 
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TABLE  3.10 

MATERIAL  DESIGNATION 


Norton  NC-132 
Kyocera  SN-205, 
Norton  NC-350 
Norton  NC-A35 


MATERIAL 


HP  Si3N4 
Sintered  Si^N^ 
RS  Si3N4 
Siliconized  SiC 


Carborundum 

Kyocera,  SN-3 
Kyocera,  SN-201 


Sintered  (a)  SiC 

HP  Si3N4 
Sintered  Si3N4 


GE 


Boron-Doped  Sintered  (8)  SiC 


KBI 


Reaction  Sintered  Si3N4 


Naval  Research  Lab  HP  Si3N4/Zr02  Compositions 


4.0  MATERIALS  CHARACTERIZATION 


r 


Materials  pre-test  characterization  consisted  of  density/ 
porosity  measurement,  micros true tural  analysis,  metallic  im- 
purity determination  by  spectrographic  analysis,  phase  identi- 
fication by  x-ray  diffraction,  oxygen  content  (performed  at 
AMMRC)  by  Neutron  Activation  Analysis,  and  x-radiographic  in- 
spection. Varying  degrees  of  characterization  are  currently 
completed  for  each  material. 

Spectrographic  analyses  were  accomplished  at  AFML  using  a 
Jarrell  Ash  3.4  meter  Ebert  spectrometer.  Impurities  were  determined 
using  standards  with  known  concentrations  of  the  elements  and 
comparing  line  intensities.  Phase  identification  was  accomplished 
using  General  Electric  XRD-5  and  Phillips  XRG-3000X-ray  diffracto- 
meters and  a scanning  speed  of  2°  20/nin.  Oxygen  analyses 
were  accomplished  using  the  USAMMRC  Neutron  Activation  Analysis 
system  which  employs  a 14  MeV  Neutron  generator.  X-radiographlc 
inspection  was  performed  with  a Norelco  150  unit  with  a 2.5  mm 
spot  and  berylium  window.  Specimens  were  x-rayed  at  a distance 
of  48  inches,  accelerating  voltage  of  50  Kv,  arid  current  of  9 ma 
for  times  of  from  30  seconds  to  2-1/2  minutes  depending  on  sample 
thickness.  Type  M Kodak  film  was  used. 


4.1  Characterization  for  Density/ Porosity.  Purity,  and 
Crystalline  Form 


Detailed  characterization  is  available  for  the  Phase  I 
materials:  NC-132  hot-pressed  Si^N^,  NC-435  Siliconized  SIC, 
NC-  350  reaction  sintered  Si-jN^  and  KBI  reaction  sintered  Si^N^. 
Norton  NC-132  hot-pressed  Si-jN^  was  longitudinally  ground  by 
the  manufacturer  to  an  average  RMS  surface  finish  of  .10  win. 
Density  variations  were  small  and  there  was  virtually  no  open 
porosity.  Percent  theoretical  density  was  98-99X  as  shown  in 
Figure  4.1  compared  to  other  materials.  NC-132  contained  .3% 
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FIGURE  4.1  COMPARISON  OF  DENSITIES  FOR  DIFFERENT  BATCHES  OF  PHASE  I MATERIALS 


metallic  impurities  including  W,  Mg,  Fe,  and  A1  (Table  4.1). 

Most  was  tungsten  (2%)  and  magnesium  (0.4%).  Only  0.01%  cal- 
cium was  present.  The  oxygen  level  was  high  compared  to  the 
other  materials,  being  ~3.3%.  Phases  present  in  NC-132  were 
B-Si^N^  (major)  and  S^N^O  (minor)  as  shown  in  Table  4.2. 

The  average  grain  size  was  1-2  pm,  and  a small  amount  of 
second  phase  believed  to  be  tungsten  carbide  was  evident. 

Norton  NC-435  silicon  carbide,  commonly  referred  to  as 
siliconized  SIC,  is  a two-phase  material.  About  20v/o  silicon 
phase  is  present.  NC-435  is  90-957.  dense  (Figure  4.1)  the  ex- 
s is ting  porosity  being  mostly  closed.  All  samples  were  diamond 
ground  to  a surface  finish  <20  yin  RMS.  Iron  and  aluminum  im- 
purities totaled  about  0.6%  (Table  4.1).  About  0.3%  oxygen 
was  present.  The  silicon  carbide  phase  was  in  the  a crystalline 
form  (Table  4.2). 

Norton  NC-350  reaction  bonded  Si^N^  samples  were  longi- 
tudinally diamond  machined  from  a large  nitrided  silicon  plate. 

Typical  surface  finish  was  5 yin  RMS.  Theoretical  density 
typically  ranged  from  75-79%  (Figure  4.1).  The  20-25%  total 
porosity  was  one  half  to  two  thirds  open.  Iron  and  aluminum 
were  the  major  metallic  impurities , averaging  ~0.5%.  The  oxygen 
content  was  -.8%  (Table  4.1).  In  general  the  pore  size  is 
smaller  and  the  porosity  more  uniformly  distributed  than  in  the 
KBI  reaction  sintered  Si^N^.  The  phases  present  in  NC-350  were 
a-Si^N^  (major)  and  e-Si^N^  (minor),  shown  in  Table  4.2. 

KBI  reaction  bonded  Si^N^  samples  were  green-state  machined  from 
a cold-pressed  silicon  block,  individually  reaction  sintered,  and 
then  finished  by  diamond  grinding  only  as  required  to  meet  dimensional 
specifications.  Typical  surface  finish  ranged  from  20  to  60yiin 
RMS.  Theoretical  density  ranged  from  73-787.  (Figure  4.1).  Pores 
were  larger  and  more  non-uniformly  distributed  when  compared  to  NC-350. 
The  most  significant  difference  is  that  the  KBI  total  porosity  (”257.) 
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TABLE  4.2 


was  mostly  open  (~907.  open)  as  compared  with  the  more  evenly 
divided  open  and  closed  porosity  of  NC-350  reaction  sintered 
Si^N^.  Figures  4.2  and  4.3  illustrate  this  difference  in 
porosity  distribution  between  the  two  RSSN's.  The  KBI 
material  was  found  to  have  somewhat  lower  purity,  the  total 
iron  and  aluminum  content  being  -0.77.  (Table  4.1).  Oxygen 
content  data  are  not  currently  available  for  KBI  RSSN.  Some- 
times a slight  amount  of  silicon  phase  was  observed,  but  not  in 
all  cases.  The  KBI  material  contained  roughlv  eaual  amounts  of 
a and  & Si3N4  phases,  in  contrast  to  the  NC-350  reaction  sintered 
SijN^  which  was  mostly  a-S^N^  (Table  4.2). 

Characterization  is  currently  in  progress  for  the  other 
materials  tested  to  date:  Kyocera  hot  pressed  Si^N^  and  two 
forms  of  sintered  Si^N^,  Carborundum  sintered  (a)  SiC,  and 
General  Electric  boron-doped  sintered  (3)  SiC.  The  Kyocera 
hot  pressed  Si^N^,  SN-3,  is  -96%  dense  with  virtually  no  open 
porosity.  Kyocera  SN-201  sintered  Si^N^  is  93-94%  dense,  also 
containing  very  little  open  porosity  (-.17.).  Kyocera  SN-205 
sintered  Si^N^,  however,  is ^887.  dense,  containing  -7%  open 
porosity  and  ~5%  closed  porosity. 

Carborundum  sintered  (a)  SiC  is  98-99%  dense,  with  vir- 
tually all  of  the  existing  1-27.  porosity  being  closed.  The 
General  Electric  boron-doped  sintered  (8)  SiC  is  -95%  dense, 
with  about  80%  of  its  total  porosity  being  closed.  The  de- 
velopment of  the  Carborundum  material  has  been  described  by 
Coppola  and  McMurtryv  The  GE  material  is  said  to  contain 
a small  amount  of  boron  nitride  and  carbon 

4. 2 X-Radiographic  Inspection 

X- radiographic  inspection  is  made  of  all  test  samples 
at  AFML.  The  results  for  all  material  batches  tested  to  date 
are  contained  in  Appendix  A.  X-radiography  is  more  of  a 
qualitative  characterization  than  a quantitative  one. 
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v open'  total' 
Percent  Open  Pores 


Percent  Theoretical  Density 


FIGURE  4.2  PERCENT  THEORETICAL  DENSITY  VS  7.  OF  TOTAL 
POROSITY  THAT  IS  OPEN  FOR  NC  350  (RSSN) 
(numbered  data  points  refer  to  individual 
samples  of  the  indicated  batch) 
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FIGURE  4.3  PERCENT  THEORETICAL  DENSITY  VS  % OF  TOTAL 
POROSITY  THAT  IS  OPEN  FOR  KBI-RSSN 
(numbered  data  points  refer  to  individual 
samples  of  the  indicated  batch) 
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Results  are  Interpreted  in  a general  manner  for  high  density 
inclusions,  large  pore  agglomerates,  density  variations 
between  samples  and  gradients  within  samples,  existance 
of  broken  specimens  and  general  gross  microstructural  non- 
uniformities. The  results  for  NC-132  hot-pressed  Si3N3  in- 
dicate that  this  material  has  a very  uniform  microstructure. 
However,  batch  2 thermal  shock,  hot  gas  exposure,  and  fracture 
toughness  samples  exhibited  some  apparent  non-uniformity  in 
the  x-ray  photographs.  NC-435  siliconized  SiC  also  exhibited 
a generally  uniform  microstructure.  However,  some  faint 
indications  of  micro structural  non-uniformity  were  observed, 
NC-350  reaction  sintered  Si3N^  was  observed  to  be  of  lower 
density  and  exhibit  slightly  more  non -uniformity  than  NC-132 
or  NC-435.  This  non-uniformity  in  NC-350  takes  the  form  of 
density  differences  between  samples  and  some  density  gradients 
within  given  samples.  This  seems  to  be  most  pronounced  for 
batch  2,  but  not  too  noticeable  in  batch  1 of  NC-350.  The 
moat  non-uniform  material  was  seen  to  be  the  KBI  reaction 
sintered  Si3N^.  The  x-radiographs  shown  in  Appendix  A for  this 
material  Illustrate  much  more  pronounced  sample-to-sample  density 
variation  and  microstructural  non -uniformity  within  given  samples. 


I. 
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Similar  qualitative  results  were  generally  obtained  in  the 
ultrasonic  NDE  inspection  described  previously ^ . Test  results 
such  as  specific  sample  strength  variations  do  not  necessarily 
correlate  with  the  NDE  findings.  Both  NDE  techniques  (i.e.,  x- 
radiography  and  conventional  ultrasonic  pulse- echo  or  thru- 
transmission)  essentially  give  qualitative  information  on  gross 
microstructural  features  within  or  between  samples  or  batches.  Thus 
both  techniques  could  be  described  as  indicators  of  general  overall 
material  quality.  The  conventional  ultrasonic  technique  does  not 
have  the  sensitivity  to  resolve  critical  size  defects  in  these  mater 
lals  and  has  been  discontinued  as  an  NDE  technique  on  this  program. 
X- radiographic  inspection  provides  essentially  the  same  infor- 
mation and  is  more  amenable  to  rapid  interpretation  and  easily 
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presentable  results.  For  this  reason,  x-radiographic  inspection 
of  all  sample  batches  will  continue.  Results  will  be  presented 
as  in  Appendix  A to  document  overall  micros tructural  quality 
on  a routine  basis  for  reference  purposes. 

4. 3 Microstructural  Characterization 

Micros tructural  characterization  was  accomplished  at 

AFML. 

A representative  microstructure  of  NC-132  hot  pressed 
Si^N^  is  seen  in  Figure  4.4,  which  is  a replica  of  an  etched 
surface  at  5000X.  NC-132  exhibits  a fine  elongated  grain 

structure  of  near  theoretical  density  which  accounts  for 
high  strength  at  low  temperatures. 

A typical  microstructure  of  the  NC-435  silicon  derisified 
SiC  is  seen  in  Figure  4.5,  which  is  a polished  surface  at  250X. 
While  this  material  has  very  low  porosity,  it  has  a high  volume 
of  Si  phase,  which  is  the  light  phase  in  the  figure. 

A microstructure  of  the  Norton  reaction  bonded  Si^N^  is 
given  in  Figure  4.6,  which  is  a polished  surface  at  250X.  This 
material  has  approximately  257.  porosity,  but  the  silicon 
nitride  phase  is  quite  uniform  and  the  porosity  is  quite  uni- 
formly distributed. 

A microstructure  of  the  Kawecki-Berylco  reaction  sintered 
Si^N^  is  seen  in  Figure  4.7,  which  is  also  a polished  surface 
at  250X.  This  material  has  about  the  same  amount  of  porosity 
as  the  Norton  material  but  the  porosity  is  not  as  uniformly 
distributed. 
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5.0  MECHANICAL  PROPERTY  TESTS 
" 

Flexural  strength/modulus/stress-strain  behavior,  creep, 
and  fracture  toughness  results  are  presented  in  this  section. 
Since  these  tests  constitute  a part  of  a continuing  program, 
varying  amounts  of  data  are  reported  for  each  material. 


5 . 1 Flexural  Strength/Modulus/Stress-Strain/Failure  Mode  Analysis 


All  flexure  testing  was  performed  in  air  on  as -received 
samples  in  four-point  flexure.  Tests  were  conducted  at  various 
temperatures  from  25°  to  1500°C  at  a cross-head  speed  of  0.02 
in/min.  Specific  temperatures  were  chosen  based  on  the  expected 
behavior  of  each  material.  Specimen  cross-sectional  dimensions 
were  .125  X .250  + .001  inch.  Specimen  lengths  were  2.25  inches 
for  all  Norton,  Carborundum,  and  Kyocera  materials.  General 
Electric  and  NRL  samples  were  2.0  inches  in  length.  For  these 
materials  the  upper  and  lower  support  pin  spans  were  0.875  and 
1.75  inches,  respectively.  The  Kawecki-Berylco  materials  were 
1.500  inches  in  length.  The  upper  and  lower  spans  were  0.500 
and  1.000  inches,  respectively.  NC-132  hot-pressed  Si^N^  samples 
were  oriented  such  that  the  tensile  axis  was  normal  to  the  hot- 
pressing  direction  (i.e.  "strong"  direction).  For  all  materials 
except  KBI  RSSN,  diamond  grinding  was  performed  longitudinally, 
i.e.,  parallel  to  the  tensile  axis.  The  KBI  materials  were 
essentially  as-nitrided,  only  minimal  machining  conducted  on  each 
specimen  to  bring  within  dimensional  specifications.  The 
following  sections  discuss  results  obtained  to-date  for  each  material. 
Tabular  results  for  all  samples  are  presented  in  Appendix  B. 


) 


5.1.1  Norton  NC-132  Hot  Pressed  Si^N^ 

Detailed  results  for  Norton  NC-132  hot-pressed  Si^N^  were 
presented  in  the  last  interim  technical  report 
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Detailed  fractographic  failure  mode  analysis  and  fracture 
mechanics  calculations  are  currently  being  conducted.  To 
maintain  continuity  and  provide  for  comparison  with  other 
materials,  the  results  for  NC-132  are  reviewed  in  this  section. 

NC-132  HP  SijN^  is  often  used  as  a baseline  material  when  assessing 
the  properties  of  new  developing  materials . 

Figures  5.1  and  5.2  illustrate  the  strength  and  elastic 
modulus  vs.  temperature  of  all  materials  tested  to  date. 

NC-132  ia  seen  to  be  the  strongest  silicon  nitride  material  (T<1200°C) 


owing  to  its  high  density  and  uniformity.  At  room  temperature 
the  strength  was  lower  than  expected  for  one  batch  of  material  as 
shown  in  Figure  5.3.  (Norton  claims  ~120  ksi) , and  data 
scatter  was  large Preliminary  fractography  studies ^ in- 
dicated primarily  intergranular  fracture  originating  at  sur- 
face machining  flaws.  Data  at  elevated  temperatures  more  closely 
agreed  with  literature  values'  . These  observations  suggest 
that  the  machining  flaws  may  be  healed  at  elevated  temperatures 
where  exposure  time  in  air  before  load  application  was  ~30  min. 
Similar  behavior  in  hot  pressed  Si~N.  has  been  observed  by 

f-J\  J /ON 

Petrovic  and  Jacobson'  . Kossowsky,  et.al.  ' have  speculated 
that  this  phenomenon  is  the  result  of  crack  tip  blunting  caused 
by  an  oxidation  mechanism. 

Representative  flexural  stress -strain  behavior  for 
NC-132  is  illustrated  in  Figure  5.4.  It  is  seen  that  this 
material  exhibits  linear  elastic  behavior  to  failure  up  to  1200°C 
but  has  a large  non-linear  component  at  1350°C  and  1500°C.  This 
behavior  can  be  explained  by  the  presence  of  an  impurity  grain 
boundary  phase  resulting  from  the  use  of  magnesia  as  a densifi- 
cation  aid^10"13\  This  behavior  is  similar  to  that  found  for 
HS-110  and  HS-130  hot  pressed  Si-jN^  by  Kossowsky ^ who  con- 
cluded that  the  deformation  was  controlled  by  a grain  boundary 
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NC-1 


FIGURE  5.1  REPRESENTATIVE  4-POINT  FLEXURAL  STRENGTH  OF  Si^N 
AND  SIC  MATERIALS  J 1 


FIGURE  5 . 4 REPRESENTATIVE  FLEXURAL  STRESS-STRAIN  BEHAVIOR  OF 


sliding  mechanism,  i.e.,  grain  rearrangement  by  viscous  flow 
of  a boundary  impurity  phase.  This  conclusion  was  based  on 
1)  the  observed  strain-rate  dependence  of  tensile  stress -strain 
behavior,  and  2)  the  stress  exponent  and  activation  energy  for 
creep  deformation. 

The  exact  nature  of  the  impurity  phase  in  MgO-doped  hot- 
pressed  Si^N^  is  currently  controversial.  Interpretations 

vary ; some  investigators  concluding  that  a continuous 
silicate  glass  phase  exists  around  the  Si-^/,  grains,  while  others 
contend  that  the  impurity  amorphous  phase  exists  only  at  the 
triple  points,  and  yet  others  observe  no  microscopic  evidence 

of  any  glass  grain-boundary  phase.  The  latter  investigators 
(17) 

(e.g.  Tighe  ')  explain  the  deformation  behavior  and  inter- 
granular fracture  of  magnesia-doped  Si^N^  in  terms  of  impurity 
segregation  near  grain  boundaries  that  possibly  weaken  their 
bonding  without  forming  a distinct  glass  phase.  Other 
investigators  have  proposed  the  composition  as  well  as  the 
viscosity  of  the  silicate  glass  phase. 

The  elastic  modulus  of  Norton  NC-132  hot-pressed  Si^N^ 
is  presented  in  Figure  5.2.  It  is  seen  that  modulus  decreases 
from  room  temperature  to  1200°C  and  then  falls  off  sharply  as 
the  temperature  is  increased  to  1350 °C  and  1500°C.  This  behavior 
is  consistent  with  the  concept  of  viscoelastic  grain  boundary 
deformation  at  relatively  low  strain  rates. 

Fractographic  failure  mode  analysis  and  fracture  mechanics 
analysis  are  currently  being  performed  on  NC-132  hot-pressed 
SijN^  (see  for  instance  references  19-25).  Particular  attention 
will  be  given  to  1)  general  failure  mode,  2)  fracture  mechanics 
predictions  of  critical  flaw  sizes,  3)  possibility  of  machining 
damage  in  batch  #1  material,  4)  evidence  for  flaw  healing  by 
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oxidative  crack-tip  blunting  , and  5)  evidence  of  subcritical 

crack  growth.  Lange has  reported  the  evidence  of  slow 

(27} 

crack  growth  in  hot-pressed  Si^N^.  Rice,  et.  al.  have 
found  the  fractographic  evidence  of  slow  crack  growth  phenomena 
at  temperatures  1350#C  in  NC-132.  Edington,  et.al.^8)  eXpiain 
how  the  rapid  fall  in  strength  in  hot-pressed  Si^N^  at  some 
critical  temperature,  T > 1200°C,  is  related  to  sub-critical 

w 

crack  growth  promoted  by  grain  boundary  sliding  which  in  turn 
arises  from  the  onset  of  plasticity  in  the  intergranular  glassy 
phase.  Essentially,  it  is  believed  that  sub-critical  crack 
growth  permits  flaw  growth  during  load  application,  which  permits 
the  critical  stress  intensity,  Kic>  to  be  attained  at  a lower 
macroscopic  stress  than  if  the  cracks  had  been  unable  to  grow. 

5.1.2  Norton  NC-435  Siliconized  SiC 

Norton  NC-435  SiC,  commonly  refered  to  as  siliconized  SiC, 
is  a fine-grain  sintered  product  densified  by  silicon  impreg- 
nation^. The  1410°C  melting  point  of  the  20v/o  silicon  phase 
limits  use  temperatures  to  < 1350 °C.  Figures  5.1  and  5.2 
present  the  flexural  strength  and  modulus  of  NC-435  SiC,  com- 
pared to  the  other  materials.  NC-435  exhibited  strength  in- 
creases to  1200°C,  whereafter  a rapid  degradation  in  strength 
occurred.  Similarly  the  elastic  modulus  decreased  gradually 
to  1200°C,  and  fell  off  rapidly  at  higher  temperatures.  Stress- 
strain  behavior  is  shown  in  Figure  5.5.  Elastic  behavior  is 
only  seen  at  25#C.  The  strength  increase  from  25°  to  1200°C  may 
be  the  result  of  machining  damage  that  lowers  the  room  temperature 
strength,  but  that  is  subsequently  healed  by  an  oxidation  mechanism 

/ O Q\ 

at  1200°C.  Lange v ' has  reported  this  phenomenon  for  other  SiC 
materials,  but  for  oxidation  for  much  longer  times  (10-100  hr.) 
at  higher  temperatures  (1400#C).  The  contribution  of  the  20v/o 

silicon-rich  phase  in  NC-435  to  possible  surface  flaw  healing  is 
not  known  at  present. 
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The  rapid  fall  off  in  properties  at  about  12Q0°C  and 
general  increase  in  anelasticlty  throughout  the  temperature 
range  may  be  due  to  softening  of  the  silicon  phase,  or  a 
silicon-rich  grain  boundary  phase.  Differences  in  strength 
between  three  batches  of  NC-435  at  25 °C  and  1200 °C  (shown  in 
Figure  5.6)  were  found  to  correlate  with  the  semi-quantitative 
determination  of  siliconrrich  phase  by  x-ray  diffraction 
analysis . Higher  strengths  were  found  for  lower  silicon 
content.  Rice  et.  al.  1 indicate  that  fractographic 
analysis  of  this  material  has  not  provided  definitive  results 
mainly  due  to  the  heterogeneous  nature  of  this  siliconized 
SiC  material.  Current  fractographic  work  at  AFML  will  re- 
examine this  material. 

5.1.3  Norton  NC*350  Reaction  Bonded  Si^N^ 

Results  of  4-point  flexural  testing  of  Norton  NC-350 
reaction  bonded  Si-N^  were  presented  in  the  last  interim 
technical  report (2),  Detailed  fractographic  failure  mode 
analysis  and  fracture  mechanics  analysis  are  currently  in 
progress  on  this  material.  To  maintain  continuity  and  to 
make  comparisons  with  other  materials  which  will  be  sub- 
sequently investigated,  the  behavior  of  NC-350  is  reviewed 
in  this  section.  Additionally,  preliminary  fractographic 
evicence  is  presented,  and  the  effect  of  oxidation  on  strength 
is  discussed. 

The  development  and  properties  of  NC-350  reaction  sintered 
Si^N^  are  discussed  in  several  publications  by  Norton  Company 
personnel ^ *31~34)  Figures  5.1  and  5.2  illustrate  the  strength 
and  modulus  of  this  material  as  a function  of  temperature.  All 
4-point  flexure  testing  was  performed  in  air  on  our  current 
program.  It  is  observed  that  this  material  is  the  strongest 
tested  thus  far  at  1500°C,  the  flexure  strength  being  -50  ksi. 
This  illustrates  the  potential  of  NC-350  reaction  sintered 
SijN^  ^or  ^igh  temperature  gas  turbine  use  and  thus  our  interest 
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in  a comprehensive  characterization  of  its  properties  and  behavior. 

NC-350  reaction  sintered  Si^N^  exhibits  low  room  tempera- 
ture flexural  strength  and  modulus  when  compared  to  the  hot 
pressed  silicon  nitrides  (see  Figures  5.1  and  5.2).  This  is 
due  to  the  higher  porosity  in  reaction  sintered  SijN^.  NC-350 
exhibited  a large  strength  variability  at  room  temperature  that 
correlated  with  a density  variation  from  2.4  to  2.54  gm/cc,  as 
illustrated  in  Figure  5.7.  The  room  temperature  4-point  flexure 
strength  vs.  bulk  density  for  all  samples  of  NC-350  RS  Si3N^  is 
presented  in  Figure  5.8.  The  batch  variability  and  general  trend 
of  increasing  strength  with  increasing  density  for  NC-350  is 
illustrated.  The  large  scatter,  however,  would  seem  to  indicate 
that  the  distribution  and  size  of  porosity  is  also  important  in  con- 
trolling strength.  This  was  confirmed  by  subsequent  fractographic 
analysis,  as  discussed  below,  which  indicated  many  fracture 
origins  to  be  large  pores  or  pore  agglomerates.  The  presence  of 
a few  pore  clusters  would  be  expected  to  add  data  scatter  to 
an  otherwise  well-behaved  strength-density  relation. 

Rice^’^  has  investigated  application  of  the  exponential 
form  of  porosity  dependence  (S  - SQe'bI>,  where  S - strength  at 
volume  fraction  porosity  P,  and  SQ  - strength  at  P - 0)  for  a 
wide  variety  of  silicon  nitride  materials.  Data  are  presented 
in  a semi-log  plot  of  strength  vs.  volume  fraction  porosity. 

Figure  5.9  illustrates  such  a plot  of  the  present  NC-350  room 
temperature  4-point  flexure  data.  The  straight  line  represen- 
tation is  a least  squares  fit  of  the  individual  data  points 
shown  by  symbols  referring  to  batch  number.  The  terms  SQ  and  b 
refer  to  strength  at  zero  porosity  and  slope,  respectively. 

The  values  obtained  for  NC-350  in  the  present  investigation  are 
higher  than  Rice^^  has  indicated  for  a wide  variety  of  Si^N^ 
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FIGURE  5. 7 FLEXURAL  STRENGTH  vs  TEMPERATURE 


2.50  2.60 

(gm/cc) 

|R  NC-350  RS  Si-iN,  AT  ROOM  TEMPERATURE 


materials,  as  shown  in  Figure  5.10,  although  current  NC-350 
data  is  in  general  agreement  with  the  main  trend  of  the 
literature  data  and  falls  within  the  scatter  band.  The 
reason  for  any  disagreement  shown  is  most  probably  the  limited 
range  of  porosity  covered  by  the  current  NC-350  data. 

The  strength  of  Norton  NC-350  reaction  sintered  Si^N^ 
Increases  significantly  from  room  temperature  to  1200°C-1350°C 
then  falls  off  somewhat  at  1500°C,  as  shown  in  Figures  5.1  and 
5.7.  Linear  elastic  stress-strain  behavior  to  failure  is  ex- 
hibited at  all  temperatures,  including  1500°C,  as  shown  in 
Figure  5.11.  This  can  be  explained  by  the  lack  of  a significant 
impurity  phase,  as  is  present  in  hot  pressed  silicon  nitrides 
(using  MgO  as  a densification  aid) . The  relative  purity 
levels  (metallic  + oxygen)  of  NC-350  and  NC-132  is  shown 
in  Table  5.1.  Note  that  at  1500°C  NC-350  exhibits  strength 
of  almost  50  ksi,  which  is  almost  twice  the  room  temperature 
flexural  strength. 

It  is  anticipateu  that  fractographic  analysis  can  pro- 
vide reasons  for  1)  the  ~25£  lower  room  temperature  strength 
observed  for  NC-350  in  comparison  to  Norton  data^*^  for 
samples  with  similar  density  and  surface  finish,  and  2)  the 
strength  increase  with  temperature  observed  for  NC-350  tested 
in  flexure  in  air  at  T > 1200°C  (and  its  relation  to  porosity, 
the  correlation  with  which  is  shown  in  Figure  5.7). 

Preliminary  results  by  Rice,  et.  al^^)  indicate  that  at 
room  temperature  the  most  definitive  fracture  origins  are  process 
related  - large  pores  and  clusters  of  pores.  However,  probable 
machining  flaws  were  identified  in  -307,  of  the  test  bars.  It 
should  be  noted  that  this  may  be  a matter  of  interpretation, 
since  in  some  instances  the  probable  machining  flaws  were  in 
regions  of  higher  porosity,  which  would  be  process  related. 
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FIGURE  5.10  SEMI -LOGARITHMIC  PLOT  OF  STRENGTH 
(25°C)  of  Si3N4  AS  A FUNCTION  OF 
POROSITY  (TAKEN  FROM  RICE ( 35 ) 
SHOWING  PRESENT  DATA  TREND  FOR 
NC-350  RSSN  OVER  THE  POROSITY 
RANGE  INDICATED. 
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At  elevated  temperatures  multiple  fracturing  was  the  limiting 
factor  in  determining  fracture  origins.  Oxidation  of  fresh 
fracture  surfaces  is  another  factor  that  has  thus  far  limited  the 
identification  of  specific  fracture  origins  in  elevated  tempera- 
ture samples  (27,37) 

A detailed  fractographic  failure  mode  analysis  and 
fracture  mechanics  analysis  is  currently  being  conducted  at 
AFMl/37\  Only  preliminary  results  are  available  at  this  time. 
NC-350  4-point  flexure  bars  broken  at  room  temperature  exhibited 
uniform,  planar  features  representing  a transgranular  fracture 
mode.  This  can  be  observed  in  Figure  5.12,  an  SEM  micrograph 
of  a region  of  the  fracture  surface  of  NC-350  tested  at  25°C 
far  away  from  the  fracture  origin.  The  most  dominant  fracture- 
originating  flaws  thus  far  identified  have  been  pores  and  pore 
agglomerates  near  the  tensile  surface  of  the  bend  bar.  NC-350 
generally  exhibited  a relatively  uniform  distribution  of  1-2  ym 
pores;  however  isolated  larger  pores  and  pore  agglomerates  of 
~10  um  size  are  being  frequently  encountered  (locations  A and  B 
in  Figure  5.12).  Location  of  a fracture  origin  near  the  tensile 
surface  does  not  necessarily  imply  machine- induced  damage,  since 
in  bending  the  local  stress  is  highest  at  the  surface.  Obviously, 
the  spatial  distribution  of  the  large  pore  agglomerates  will  greatly 
influence  the  strength  distribution.  Specific  fracture  initiating 
origins  are  currently  being  tabulated  for  this  material  and  fracture 
mechanics  calculations  are  being  performed. 

Attention  is  being  given  to  the  significant  strength  increase 
with  temperature  observed  in  testing  NC-350  in  air  in  four-point 
flexure  (Figure  5.1,  5.7).  Davidge,  et.  al^®^  indicate  that  this 
has  been  observed  in  reaction-sintered  Si^N^  previously,  and 
discuss  how  oxidation  can  either  reduce  the  flaw  size  or  increase 
the  fracture  surface  energy  to  account  for  the  strength  increase. 
Wiederhom^^  has  shown  how  prolonged  oxidation  can  decrease 
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FIGURE  5.12  FRACTURE  SURFACE  SHOWING  MICROSTRUCTURE  OF 
NC-350  RS  Si^N^.  BEND  BAR  FRACTURED  AT 
ROOM  TEMPERATURE.  SECONDARY  ELECTRON  SEM 
MICROGRAPH . 


strength  by  producing  new  flaws.  Ricev  ' presents  fracto^ 
graphic  evidence  that  shows  surface  pitting  to  degrade  the 
strength  of  NC-132  HP  SijN^  oxidized  for  long  times  prior 
to  testing. 

Figure  5.7  illustrates  that  for  Batch  2,  the  4-point 
flexure  strength  of  NC-350  tested  at  IITRI  is  23,500  psi, 
whereas  at  1200°C  the  strength  of  a virgin  sample  tested  in 
air  is  58,600  psi.  One  possibility  for  the  strength 
increase  is  oxidative  flaw  tip  blunting  at  elevated  temper- 
ature. The  flaws  could  be  either  machining  damage  or  porosity 
resulting  from  fabrication.  The  most  common  fracture  mechanism 
in  reaction  sintered  Si^N^  found  in  the  literature  is  extension 
of  the  largest  pores.  Thus,  for  oxidation  to  effect  strength, 
the  distribution  and  relative  amounts  of  open  and  closed  porosity 
become  important.  For  instance,  some  materials  may  exhibit  uni- 
form oxidation  throughout  the  specimen  thickness , whereas  others 
have  their  surface  pores  sealed  off  thus  preventing  in-depth 
oxidation  . 

To  investigate  these  possibilities,  several  NC-350  Batch  2 
flex  samples  were  pre-oxidized  at  1200°C,  and  then  tested  at 
25 °C  for  flexural. strength.  Care  was  taken  to  ensure  that  the 
environmental  exposure  was  identical  to  that  experienced  during 
previous  elevated  temperature  tests  on  virgin  samples.  The 
results  are  illustrated  in  Table  5.2,  and  compared  with  previous 
results  for  virgin  samples.  It  is  observed  that  the  room 
temperature  strength  of  the  pre-oxidized  samples  (43,900  psi)  is 
significantly  higher  than  for  the  virgin  material  (23,500  psi) 
but  slightly  lower  than  that  for  virgin  material  tested  at  1200°C 
(58,600  psi).  The  density  of  all  materials  was  ~2.4  gm/cc. 

The  conclusion  from  these  data  is  thdt  exposure  of  NC-350  re- 
action-sintered Si^N^  in  air  at  1200°C  for  ~ 15-30  minutes  does 
have  a significant  "crack  healing"  effect.  The  reason  that  the 
pre-oxidized  samples  did  not  exhibit  strengths  quite  as  high  as 
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TABLE  5.2A 


FLEXURAL  TEST  RESULTS:  NC  350  (2) 
PRE-OXIDIZED  AT  1200°C  TESTED  AT  25°C 


Sample 

Bulk 

Density 

(gm/cc) 

Strength 

(psi) 

Strain- to-Failure 
(in/in  x 10"3) 

Secant  Modulus 
(106  psi) 

32F41 

2.414 

45,080 

2.00 

22.4 

32F42 

2.385 

45,790 

2.10 

21.8 

32F43 

2.340 

33,900 

1.60 

22.5 

32F44 

2.417 

50,850 

2.15 

23.6 

Mean 

2.389 

43,910 

1.96 

22.6 

Std.Dev. 

7,150 

0.25 

0.7 

Max. 

50,850 

2.15 

23.6 

Min. 

33,900 

1.60 

21.8 

TABLE  5.2B 


PREVIOUS*  FLEXURAL  TEST  RESULTS:  NC  350  (2) 
VIRGIN  SAMPLES  TESTED  IN  AIR 


Test  Condition 

25°C 

1200°C 


Avg . Bulk 

Density 

(gm/cc) 

2.40 

2.40 


Mean 
Strength 
— (Egi) 

23,530 

58,620 


Strain- to -Failure 
(in/in  x 10  ~*) 

0.99 

2.47 


Elastic 

Modulus 

(10^  psi'i 

23.5 

23.1 


*See  Appendix  Tables  for  Details 
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the  virgin  materials  tested  at  1200°C  can  possibly  be  explained 
by  considering  the  series  of  experiments  conducted  by  Evans 
and  Davidge'  . It  was  found  that  cristobalite  formed  at 
1200°C-1400°C,  modifying  internal  and  external  pores  and  in<- 
creasing  strength,  except  when  the  sample  was  subsequently  cooled 
to  <250°C,  at  which  point  surface  cracking  would  occur  in  the 
cristobalite  layer  due  to  the  volume  decrease  accompanying  the 
a-6  phase  inversion,  thereby  reducing  the  strength.  In  sub- 
sequent work,  Davidge  et.  al.^®^  showed  that  at  1200°C  most 
of  the  oxidation  was  complete  in  the  first  15  minutes,  a time 
consistent  with  the  exposure  times  in  our  present  experiments 
at  IITRI.  Subsequent  fractography  on  our  samples  will  attempt 
to  confirm  the  validity  of  these  possibilities,  although  it  is 
realized  that  any  existing  oxide  layers  might  be  to  thin  to 
distinguish  by  SEM.  Davidge,  et.al.^®®^  caution  that  ex- 
planation of  the  strength  behavior  of  oxidized  reaction-sintered 
silicon  nitride  is  complex  due  to  1)  the  fact  that  two  distinct 
stages  of  oxidation  are  possible,  and  2)  that  both  internal  and 
external  oxide  layers  may  be  either  strained  or  cracked. 


Preliminary  results  are  available  for  the  detailed  fracto- 
graphic/fracture  mechanics  analyses  being  conducted  at  AFML. 
Fracture  surfaces  of  NC-350  bend  bars  broken  in  air  at  1200°C 
exhibited  a marked  difference  in  appearance  as  compared  to  room 
temperature  fracture  surfaces.  The  1200°C  fracture  surface  did 
not  show  uniform,  planar  features;  rather  it  showed  diffused, 
undefined  features  as  illustrated  in  Figure  5.13.  From  the 
appearance  it  is  difficult  to  judge  whether  the  fracture  mode  is 
transgranular  or  intergranular.  However,  as  compared  to  the  room- 
temperature  fracture  appearance,  (i.e.,  uniform  planar  features), 
the  fracture  mode  has  definitely  changed. 


To  check  whether  oxidation  of  the  fresh  fracture  surface 
at  1200°C  might  be  obscuring  the  fracture  features  to  give  this 
result,  two  bend  bars  were  broken  at  AFML  in  four-point  flexure 


FIGURE  5.13 

FRACTURE  SURFACE  SHOWING  MICROSTRUCTURE  OF 
NC-350  RS  Si3N4.  FRACTURED  AT  1200°C  IN 
AIR.  SECONDARY  ELECTRON  SEM  MICROGRAPH. 


in  a vacuum  of  10~^  torr.  The  fracture  surface  appearance 
of  bend  bars  broken  at  1200 °C  in  vacuum  was  very  similar  to 
those  broken  at  1200°C  in  air  (Figure  5.13).  The  oxidation 
at  1200°C,  therefore,  did  not  obscure  the  appearance  of  the 
fresh  fracture  surfaces , and  it  is  concluded  that  there  is 
a definite  change  in  fracture  mode  at  elevated  temperatures , 
regardless  of  whether  the  environment  is  air  or  vacuum.  This 
change  is  thus  solely  a function  of  temperature,  but  is  not 
responsible  for  the  strength  increase  found  in  1200°C  air 
testing,  as  discussed  below. 


The  strength  data  obtained  for  the  1200°C  vacuum  tests  is 
shown  in  Table  5.3.  The  34  ksi  strength  obtained  in  vacuum 
at  1200°C  is  very  close  to  the  strength  obtained  in  air  at 
room  temperature  (see  Appendix  Tables  Bl-3,  ^ 30  ksi).  This 

would  tend  to  indicate  that  the  large  strength  increases  observed 
in  1200°C  tests  in  air  are  somehow  caused  by  the  air  environment. 

It  is  tempting  to  conclude  that  it  is  oxidation-e . g. , flaw  tip 
blunting  or  some  chemical  effect  related  to  the  presence  of 
oxygen.  However,  if  the  strength  increases  at  1200°C  in  air 
were  caused  by  oxidation,  then  it  is  not  presently  understood 
how  the  1200°C/air  and  1200°C/vacuum  fracture  surface  features 
would  be  so  similar,  and  so  different  than  the  fracture  surface 
appearance  of  a sample  broken  at  25°C  in  ai”.  Of  course,  the 
possibility  exists  for  two  mechanisms  to  be  operative,  e.g., 
one  associated  with  oxidation  (resulting  in  the  strength  increase 
observed  in  elevated  temperature  air  tests),  and  another  solely 
associated  with  temperature.  It  is  emphasized  that  these  results 
are  only  preliminary,  and  that  detailed  fractographic  determin- 
ation of  strength-controlling  flaws  and  fracture  modes,  together 
with  the  application  of  fracture  mechanics  techniques  are  currently 
in  progress. 


The  strength  decreases  for  NC-350  reaction  sintered  Si^N^ 
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TABLE  5.3 


FOUR- POINT  FLEXURAL  STRENGTH  AT  1200 °C 
FOR  NC-350  Si3N4 


Oxidation  Treatment  Test  Atmosphere  Average  Strength 


None 

Air 

65 

ksi 

(IITRI) 

None 

Vacuum 

34 

ksi 

(AFML) 
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between  1200°C  and  1500°C  (Figure  5.1).  If  significant  plastic 
deformation  were  observed  at  1500 °C,  it  could  be  inferred  that 
a significant  oxygen  impurity  was  present  resulting  in  a slight 
intergranular  glassy  phase  which  could  cause  strength  degradation. 
Since  Figure  5.11  indicates  no  plastic  deformation  at  1500°C, 
another  mechanism  must  be  found.  Noakes  and  Pratt suggest 
that  this  can  be  explained  by  the  breakdown  of  intergranular 
cohesion. 

Young's  modulus  data  for  NC-350  reaction  bonded  Si^N^ 
obtained  in  flexure  are  presented  in  Figure  5.2.  Values  at 

(32) 

room  temperature  are  in  good  agreement  with  reported  values ' 
25-29x10  psi.  A modulus  of  41x10^  psi  is  obtained  for  theo- 
retically dense  material  if  data  are  corrected  for  porosity 
using  the  Mackenzie relation  [1-1. 9P+0.  9P^] . Other 
modulus -density  models  will  be  investigated  also.  This  compares 
favorably  with  the  value  of  47x10^  psi  obtained  for  the  hot- 
pressed  material  NC-132.  The  change  in  modulus  with  temperature 
to  1200 °C  can  be  correlated  with  density.  Materials  with  a 
density  of  2.4  gm/cc  exhibited  no  modulus  change,  whereas  the 

3 

other  NC-350  samples  with  densities  of  > 2.5  gm/cm  had  in- 
creasing moduli.  Noakes  and  Pratt also  observed  increasing 
moduli  with  temperature  for  reaction  bonded  Si^N^  with  density 
>.2.5  gm/cm^.  The  physical  reason  for  this  is  not  known  at 
present. 

5.1.4  Kawecki- Beryl co  Reaction-Sintered  Si-jN^ 

The  strength  and  elastic  modulus  of  KBI  RS  Si^N^  are 
presented  in  Figures  5.1  and  5.2.  It  is  observed  in 
Figure  5.1  that  the  strength  is  much  lower  than  NC-350  reaction 
sintered  SijN^  at  all  test  temperatures,  and  that  the  strength 
does  not  increase  with  temperature.  Recall  that  the  porosity 
was  slightly  greater  and  less  uniform  for  the  KBI  material  and 
that  most  of  the  porosity  was  open.  However,  the  KBI  materia1 s 
had  an  average  density  of  2.4  gm/cc,  and  their  strength  and  modulus 


I"*' 


agreed  reasonably  well  with  results  of  Batch  2 of  NC-350 
reaction- sintered  Sl^N^  samples  that  also  had  a bulk  density 
of  2.4  gm/cc. 

Figures  5.14  and  5.15  Illustrate  the  strength  and  modulus 
vs  temperature  relation  for  all  three  batches  of  KB1-RS  Sl^N^. 

Note  the  direct  correlation  between  room  temperature  strength 
and  batch  density.  This  correlation  does  not  necessarily  exist 
at  high  temperature,  however.  Figure  5.16  shows  the  individual 
sample*  room  temperature  4-point  flexural  strength  vs  bulk  density. 

As  discussed  above  for  NC-350,  plotting  In  (fracture  stress)  vs 
volume  fraction  porosity  permits  application  of  the  exponental 
porosity  dependence  relation  S * S.e"^,  as  discussed  by  Rice^^’’^ 
Figure  5.17  illustrates  this  for  the  KBI  RSSN  room  temoerature 
data.  Figure  5.18  shows  these  data  compared  with  Ricev  ' for  a 
wide  variety  of  silicon  nitride  materials.  The  present  KBI  room 
temperature  strength  data  are  in  excellent  agreement  with  the 
main  trend  of  data  shown,  both  for  slope  and  strength  at  zero 
porosity  (56,000  psi) . Recall  that  NC-350  reaction  sintered 
Si^H^  did  not  give  such  good  agreement,  most  probably  due  to  a 
more  restricted  range  of  porosity  to  fit  to  the  exponetial 
strength^porosity  relation, 

KBI  reaction  sintered  Si^N^  exhibits  linear  stress -strain 
behavior  to  failure  at  all  test  temperatures,  including  1500°C. 

This  is  illustrated  in  Figure  5.19,  and  indicates  that  despite 
it's  low  strength,  there  is  apparently  no  significant  grain 
boundary  impurity  phase  in  this  material. 

Preliminary  SEM  micrographs  of  general  features  of  the 
fracture  surface  of  room  temperature  KBI  RSSN  flex  bars  are 
available . 
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FIGURE  5.16  FLEXURE  STRENGTH  vs.  DENSITY  FO 
AT  ROOM  TEMPERATURE 


FIGURE  5.17  KBI  ROOM  TEMPERATURE  FLEXURE  STRENGTH  SHOWING  EXPONENTIAL 
POROSITY  DEPENDENCE  (In  a vs . P) 


,S0  ~ 58,000  pil 
/b~39 102 


O PARR  etal.  (1959)  TENSION  R S 20*C  ' 

A PARR  eta),  0959)  FLEXURE  R S 20*C  $2 

A parr  etal.  (1959)  FLEXURE  2%  F«,RS  20*C 
X PARR  etal.  (1959)  FLEXURE  R S 1300*C 
0 OEELEV  etal.  (I960  FLEXURE  HP  20*C 
• THOMPSON  a PRATT  (1966)  RS  FLEXURE  20*C 
D CARR  a BARTLETT  (1968)  FLEXURE  RS  20*C 
■ GOOFREY  a PITTMAN  (1971)  RS  FLF  (URE  20*C 
V JONES  8 UNOLEY  (I9T5)  R S FLEXUME  20*C 
® HARRIS  etal.  (1973)  R.S  FLEXURE  20*C 
R WAUGH  (1973)  R.S.  FLEXURE  20*C 


VOLUME  FRACTION  POROSITY.  P 


FIGURE  5.18  SEMI -LOG  PLOT  OF  STRENGTH  (256C)  OF 
Si3N4  AS  A FUNCTION  OF  POROSITY 

(TAKEN  FROM  RICE(35))  SHOWING  PRESENT 
DATA  TREND  FOR  KBI-RSSN  OVER  THE 
POROSITY  RANGE  INDICATED 


In  contrast  to  the  relatively  sharp  fracture  features  in  NC-350 
fractured  at  25°C,  the  KBI  material  revealed  diffused 
non-uniform  fracture  features . This  is  shown  in  Figures  5 . 20 (a) 
and  (b).  Figure  5.20(a)  illustrates  ill-defined  features  giving 
a wooly  appearance;  it  is  difficult  to  determine  \rtiether  the 
fracture  is  transgranular  or  intergranular:  Small  pores  having 
a size  range  of  ~2-5ym  can  be  seen  in  the  micrograph.  Many  large 

* 4 - ' 

pores  showing  unreacted  material  and  having  a size  of  ~50  ym  were 
also  frequently  observed;  an  example  of  such  a pore  is  shown  in 
Figure  5.20  (b). 

v . ' < 

The  fracture  features  for  the  NC-350  and  KBI  reaction 
sintered  materials  as  described  above  were  observed  far  away 
from  the  fracture  originating  flaws.  These  general  features 
were  common  to  most  of  the  bend  bars  and,  therefore,  were  in- 
dependent of  strength  distribution.  The  more  uniform  fracture 
features,  the  flat  transgranular  fracture  mode,  and  the  smaller, 
more  uniform  porosity  in  NC-350  materials  indicate  that  this 
material  has  sintered  more  completely  than  KBI  material.  For 
this  reason  NC-350  should  exhibit  less  scatter  in  strength  values 
and  a higher  mean  strength  value  than  that  exhibited  by  the  KBI 
material.  The  strength  data , in  the  Appendix  and  summarized  in 
Figure  5.1  indicate  that  indeed  such  is  the  case. 

The  KBI  reaction  sintered  Si^N^  exhibited  no  strength 
increase  with  temperature  as  did  the  NC-350  material  by  virtue 
of  the  proposed  oxidative  crack-tip  blunting  mechanism  discussed 
above  (refer  to  Figure  5.1).  The  conclusion  to  be  deduced  from 
this  is  that  possibly  the  larger  pores  of  the  KBI  material  were 
not  affected  as  much  by  the  same  oxidative  exposure.  Fracto- 
graphic  analysis  of  the  high  temperature  KBI  flexure  bars  is 
currently  in  progress. 

Table  5.4  presents  the  Weibull  modulus  for  the  room  tempera- 
ture strength  of  all  materials  discussed  to  date.  These  data  were 
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TABLE  5.4 

WE I BULL  MODULUS -FLEXURAL  STRENGTH 


u 

MATERIAL/ 
TEMPERATURE  °C 

Batch  1 

Batch  2 

Batch  3 

Batch  4 

Combined 

NC-132(HPSN) 

25 

5.13 

7.60 

• 

- 

5.14 

n 

1200 

11.58 

17.21 

- 

- 

11.61 

1350 

11.44 

26.61 

- 

- 

9.14 

J , 

1500 

8.26 

30.63 

- 

- 

10.29 

NC-435 (SiC) 

‘ 

25 

3.20 

- 

5.93 

10.67 

4.68 

1200 

6.22 

- 

16.41 

13.55 

6.28 

1275 

5.53 

- 

5.51 

13.99 

7.69 

1350 

5.38 

- 

7.40 

19.73 

7.87 

NC-350(RBSN) 


25 

3.35 

3.34 

4.65 

- 

3.67 

1200 

5.65 

8.12 

4.28 

- 

6.53 

1350 

7.52 

11.12 

5.23 

- 

7.79 

1500 

7.37 

4.49 

12.51 

- 

6.63 

KBI  (RBSN) 

25 

3.51 

3.89 

3.52 

- 

4.01 

1200 

7.29 

2.68 

4.33 

4.46 

1350 

2.51 

3.16 

2.12 

2.97 

1500 

3.24 

2.99 

2.78 

3.24 

u 

• 1 

0 -■  ■ 

o • ; 
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obtained  on  sample  populations  of  ten  using  techniques  described 

by  Johnson  and  Prochazka^^ . Interpretation  of  these  results 

for  NC-132,  NC-435,  and  NC-350  are  contained  in  our  last  in- 

(2) 

terim  technical  report  . However,  it  is  interesting  to  compare 
results  for  the  KBI  material  with  NC-350,  the  other  reaction 
sintered  material.  The  Weibull  modulus  of  NC-350  is  shown  to 
increase  and  remain  relatively  constant  at  elevated  temperatures 
compared  to  room  temperature  . This  reduction  in  data  scatter 
at  elevated  temperatures  is  consistent  with  the  concept  of  high 
temperature  oxidative  porosity  modification  discussed  above  for 
NC-350.  The  KBI  reaction  sintered  material,  however,  exhibits 
a lower  room  temperature  Weibull  modulus  (see  Table  5.4)  that 
remains  relatively  constant  with  increasing  temperature.  This 
is  consistent  with  increased  data  scatter,  lower  strength,  and 
temperature  independent  strength  exhibited  by  the  KBI  material. 

The  relative  Weibull  modulus  of  NC-350  and  KBI  reaction  sintered 
materials  agree  with  the  fractographic  interpretation  of  NC-350 
as  a more  completely  reaction  sintered  material. 

Table  5.5  summarizes  the  four-point  flexural  results  of 
Norton  NC-132,  NC-435,  NC-350,  and  KBI  reaction  bonded  Si^N^. 

5.1.5  Kyocera  Materials 

Four-point  flexure  tests  have  been  performed  on  limited 
numbers  of  three  Kyocera  materials:  SN-3  hot  pressed  Si^N^, 
and  two  sintered  silicon  nitrides  SN-201  and  SN-205.  These 
materials  are  being  developed  for  high  volume  production  of  low 

temperature  components,  and  were  supplied  by  Kyocera  International. 
Strength  and  modulus  data  are  shown  in  Figures  5.21  and  5.22. 
Stress^strain  data  are  provided  in  Figures  5.23  and  5.25.  Figures 
5.1  and  5.2  compare  data  with  other  materials  in  this  program. 
Detailed  impurity,  microstructural , and  fractoeraohic  analvses  are 
not  yet  available  for  these  materials. 
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• SN-3  HPSi,N,  (p*3. 06) 


TEMPERATURE  <°C) 

FIGURE  5.21  4-POINT  FLEXURAL  STRENGTH  OF  KYOCERA  MATERIALS 
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FIGURE  5.25  REPRESENTATIVE  FLEXURAL  STRESS-STRAIN 

BEHAVIOR  OF  KYOCERA  SN-205  SINTERED  Si 


Thus , interpretation  of  the  property  data  is  somewhat  specu* 
lative  at  this  point. 

SN-3  hot  pressed  Si^N^  is  seen  to  be  significantly  weaker 
at  room  temperature  than  NC-132  hot-pressed  Si^N^.  Additionally, 
the  strength  falls  off  at  ~800°C  for  SN-3,  whereas  NC-132  re- 
tains good  strength  until  ~1200°C.  The  elastic  modulus  data 
shown  in  Figure  5.2  and  5.22  exhibits  similar  trends.  The  lower 
density  of  the  Kyocera  material  is  perhaps  the  main  cause  of 
the  low  room  temperature  strength.  It  is  believed  that  less 
pure  precursor  powders  may  have  been  used  in  hot  pressing  the 
Kyocera  material.  The  type  and  amount  of  densification  aid 
employed  for  the  hot  pressed  SN-3  is  unknown  at  present.  How- 
ever, the  loss  of  high  temperature  properties  at  such  a low 
temperature  would  imply  a large  impurity  content  in  the  hot 
pressed  product.  The  stress-strain  behavior  of  SN-3  hot-pressed 
Si^N^  (Figure  5.23)  exhibits  linear  elastic  behavior  to  failure 
only  at  750°C  and  below,  consistent  with  the  strength  end  modulus 
data.  The  properties  of  SN-3  hot-pressed  Si^N^  are  consistent 
with  the  mechanisms  of  deformation  discussed  above  for  NC-132 
(i.e.,  viscoelastic  intergranular  phase),  but  much  more  pro- 
nounced due  to  apparently  higher  oxide  impurity. 

Kyocera  SN-201  and  SN-205  are  pressureless  sintered  Si^N^ 
materials.  The  room  temperature  strength  and  modulus  of  these 
conventionally  sintered  materials  are  higher  than  that  of  the 
Norton  and  KBI  reaction  bonded  materials , probably  due  to  their 
higher  density  (refer  to  Figures  5.1  and  5.2).  SN-201  has 

slightly  better  properties  than  SN^205  since  it  has  higher 
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density  and  much  less  open  porosity.  These  sintered  Kyocera 

materials  also,  like  SN-^3  hot  pressed  Si^N^,  lose  their  room 

temperature  strength  and  modulus  at  ~750°C.  The  loss  of  elastic 

stress-strain  behavior  above  750°C  is  shown  in  Figures  5.24  and 

5.25.  The  reason  for  this  sudden  degradation  of  properties  with 

temperature  in  SN-201  and  SN--205  is  that,  unlike  the  reaction 

bonded  silicon  nitrides,  oxide  additions  are  made  to  enhance 
(45} 

sintering'  . Thus,  a significant  intergranular  glassy  phase 
would  be  expected.  The  resulting  product  would  exhibit  many  of 
the  behaviorial  trends  of  hot-pressed  silicon  nitrides  employing 
oxide  densification  aids. 

Note  that  in  general  the  strength  of  the  Kyocera  materials 
increases  between  25°  and  750°C.  Referring  to  Figure  5,21,  the 
reader  is  cautioned,  however,  that  the  trends  referred  to  are 
averages  of  data  sets  that  exhibit  a wide  spread  of  values. 

However,  NC-132  HP  Si^N^  does  not  exhibit  this  slight  strength 
increase  at  T<1000°C.  The  difference  may  be  due  to  greatly 
different  oxidation  rates  resulting  from  differences  in  purity. 

5.1.6  Sintered  SiC  Materials 

Initial  data  are  available  on  two  sintered  SiC  materials 

that  were  supplied  by  the  manufacturer:  Carborundum  a-SiC  and 

General  Electric  boron-doped  6-SiC.  Initial  characterization 

and  description  of  these  materials  is  contained  in  Section  4 of 

(3} 

this  report.  Coppola  and  McMurtry  ' describe  the  development 
of  the  Carborundum  material.  The  development  of  the  General 
Electric  material  is  described  in  a series  of  G.E.  reports  to  the 
Navy  by  Prochazka  et.al.^®^.  The  test  plan  for  these  materials 
was  presented  in  Section  3 of  this  document.  Detailed  impurity, 
microstructural , and  fractographic  analyses  are  currently  in 
progress . 

Flexure  testing  has  been  performed  in  air  at  selected  tempera- 
tures from  room  temperature  to  1250°C.  Strength  and  modulus  data 
are  plotted  as  a function  of  temperature  in  Figures  5.26  and  5.27. 
Behavior  is  compared  with  other  materials  in  Figures  5.1  and  5.2. 

It  is  observed  that  the  strength  of  both  G.E.  and  Carborundum 
materials  increased  with  temperature  to  1250°C. 
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Both  materials  exhibited  linear  elastic  stress-strain 
behavior  to  failure  at  temperatures  up  to  and  including  1250°C, 
as  illustrated  in  Figures  5.28  and  5.29.  Both  materials  exhibit 
the  high  modulus  typical  of  silicon  carbide.  However,  as  shown 
in  Figure  5.27  the  static  modulus  determined  during  flexure 
testing^  is  shown  to  increase  slightly  with  temperature.  This 
is  unlike  the  behavior  obtained  by  dynamic  resonance  methods  for 
these  two  materials  by  Coblenz  and  Kraft  where  a slight 
linear  decrease  with  temperature  was  observed.  At  room  tempera- 
ture the  static  IITRI  data  are  -2-107.  lower  than  these  dynamic 
modulus  data.  Room  temperature  data  are  currently  being  compared 
with  AFML  data  on  these  same  materials  using  the  resonant  sphere 
technique^^ . Preliminary  data^^  indicate  good  agreement 
(within  -27.)  with  the  IITRI  static  data  at  room  temperature. 

No  physical  reason  is  known,  however,  for  the  modulus  increasing 
slightly  with  temperature  as  determined  by  our  present  static 
data.  There  may  be  a small  systematic  error  in  the  high  tempera- 
ture static  measurement  of  such  high  modulus  materials  as  ob- 
served by  the  trend  of  the  Carborundum  and  G.E.  data  shown  in 
Figure  5.27.  We  are  currently  preparing  our  own  dynamic  reso- 
nance  system'  to  use  on  this  program  to  investigate  this 
discrepancy  further. 


Further  interpretation  will  be  made  of  the  results  for 
these  sintered  SiC  materials  when  testing,  characterization, 
and  fractography  are  complete. 


L 
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5.1.7  NRL  Si3N2-Zr02  Materials 

The  U.S.  Naval  Research  Laboratory  is  currently  investi- 
gating the  use  of  ZrC^  additives  for  hot-pressed  Si^N^  which 
both  promote  densif ication  and  form  a more  refractory  silicate 
grain -boundary  phase, thus  improving  high  temperature  strength 
and  creep  resistance^’^ . R.  W.  Rice  has  supplied 
samples  of  various  Si3N^-Zr02  compositions  to  our 
IITRI /AFML  program.  The  test  plan  for  these  materials  is  con- 
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STRAIN  (inxin  J) 


FIGURE 


•28  REPRESENTATIVE  FLEXURAL  STRESS-STRAIN 
BEHAVIOR  OF  CARBORUNDUM  SINTERED 
a-SiC  MATERIAL 


FIGURE  5.29  REPRESENTATIVE  FLEXURAL  STRESS  STRAIN  BEHAVIOR  OF 
G.E.  BORON -DOPED  SINTERED  B-SiC 


tained  in  Section  3 of  this  report. 


To  date  one  sample  of  each  of  five  compositions  of  the 
Naval  Research  Laboratory  Si^N^-ZrC^  materials  has  been  tested 
at  1350°C.  The  results  are  tabulated  in  Table  5.6.  The  stress- 
strain  behavior  of  all  samples  is  shown  in  Figure  5.30.  It  is 
observed  that  the  material  with  the  highest  Zr02  content  ex- 
hibited the  highest  strength  and  modulus.  The  strength  and 
modulus  is  plotted  as  a function  of  Zr02  content  in  Figures 
5.31  and  5.32.  The  1350°C  strengths  tabulated  in  Tables  5.6 
for  various  Si^N^-Zrt^  compositions  are  substantially  lower 
than  previously  obtained  for  NC-132,  silicon  nitride  hot- 
pressed  with  MgO  additive  (~54  ksi  at  1350°C).  Even  though 
only  one  sample  of  each  composition  has  been  tested,  these 
results  are  disappointing,  in  view  of  the  intended  purpose  of 
the  Zr02  addition.  However,  it  is  too  early  to  completely 
condemn  Zr02  as  an  additive  to  improve  creep  resistance  over 
that  of  magnesia  doped  materials.  Rather,  it  is  suspected  that 
processing  defects  are  responsible  for  the  current  results. 
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TABLE  5.6 


FLEXURAL  TEST  RESULTS 


SUPPLIER:  NRL 

MATERIAL:  Varlou 

TEMPERATURE:  1350°C 
ATMOSPHERE:  Air 


Various  HP  Si3N4  + Zr02 


Bulk  Density  * 
(gw/cc) 


3.105(95.37,) 

3.360(1017,) 

3.291(99.27.) 

3.097(91.77.) 


Strength 

(psi) 


52,010 


36,560 

41,530 

36,940 


Strain-To-Failure 
(in/ in  x 10“ 3) 


Secant  Modulus 
(10*6  psi) 


3.401(98.87.)  63,760 


* Percent  theoretical  density  shewn  in  parentheses;  theoretical  density 
computed  for  each  composition,  (pSi^N^  = 3.2;  pZr02  = 5.73)  on  a volume 
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STRESS 


SAMPLE 


R1F1 
R2F1 
R3F1 
FI 
5F1 


4 w/o  Zr09 
8 w/o  Zr09 
8 w/o  ZrO; 
12  w/o  ZrO, 
16  w/o  ZrO« 


R5F1 


R1F1 


NRL  Si3N4/Zr02  MATERIALS 


R4F1 


R2F1 


NOTE:  1)  Test  Tempera- 
ture 1350°C 

2)  Sample  Tested 
per  Com-  — 
position:  1 


.2  .4  .6  .8  1.0  1.2  1.4  1.6  1.8  2.0  2.2  2.4 

STRAIN  (in/inxlO"3) 

FIGURE  5.30  REPRESENTATIVE  FLEXURAL  STRESS-STRAIN 
BEHAVIOR  OF  NRL  Si-N,  + Zr09  MATERIALS 
TESTED  AT  1350°C  ° z 

(1  Sample  Each) 
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5.2  Fracture  Toughness  Parameters 
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The  potential  use  of  ceramics  in  gas  turbines  and  other 
structural  applications  requires  careful  consideration  of  the 
brittle  nature  of  these  materials.  Their  fracture  toughness 
or  resistance  to  crack  propagation  is  generally  much  lower  than 
that  of  metals,  and  when  failure  occurs  it  does  so  in  a raoid  and 
catastrophic  manner.  The  conditions  controlling  fracture  may  be 
considered  in  terms  of  fracture  initiation  or  crack  propagation. 
Fracture  may  occur  if  the  applied  stress  is  increased  or  intensi- 
fied locally  around  a flaw  such  that  it  exceeds  the  theoretical 
strength  of  the  material.  Alternatively,  cracks  will  propagate  as 
long  as  the  rate  of  strain  energy  release  is  greater  or  equal  to 
the  energy  needed  for  forming  new  crack  surface.  These  concepts 
may  be  seen  in  the  following  relationships  for  fracture  toughness 
in  mode  I crack  displacement  (wherin  only  stresses  normal  to  the 
crack  plane  are  considered  to  cause  crack  propagation) : 

K,  - Y a1*  * (2Ey)* 

where  K,  = critical  stress  intensity  factor 

Y - geometric  parameter 

Of  « applied  stress  at  failure 

a - crack  length  (flaw  size) 

E * Young's  modulus 

Y ■ fracture  surface  energy 

Under  some  conditions  of  stress  and  environment  cracks  may 
also  grow  slowly  in  ceramics  until  they  reach  a critical  size 
and  failure  occurs.  Because  of  this  phenomenon  of  subcritical 
crack  growth,  the  relation  between  stress  intensity  and  the  rate 
of  crack  advance  (K^  vs  da/dt  or  v)  and  the  level  of  stress 
intensity  (KQ)  below  which  no  crack  propagation  occurs  are  also 
important  parameters  for  designing  with  brittle  materials.  These 
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are  useful  for  predicting  potential  service  life,  especially  under 
cyclic  mechanical  and/or  thermal  stresses.  However,  in  the 
current  screening  evaluation  of  candidate  ceramic  turbine  materials, 
only  the  critical  stress  intensity  (or  fracture  toughness),  KIq, 
and  the  fracture  surface  energy  derived  from  it,  y,  were  determined. 


Several  experimental  techniques  have  been  developed  to  measure 
these  parameters,  but  each  has  advantages  and  limitations  such  that 
no  particular  method  has  found  universal  favor  at  this  time. 

These  include  the  single  edge  notched  beam  (SENB) , the  compact 
tension  (CT) , the  double  cantilever  beam  (DCB) , the  tapered  can- 
tilever beam  (TCB) , the  constant  moment  (CM),  the  double  torsion  (DT) , 
the  controlled  flaw  (CF)  and  the  natural  flaw  (NF)  specimen 
geometries  or  methods.  It  is  desireable  that  the  test  simulate 
as  closely  as  possible  the  stress  state  at  the  tip  of  naturally 
occuring  flaws  in  ceramics,  permit  testing  in  a variety  of  hostile 
or  high  temperature  environments,  have  a simple  and  inexpensive 
sample  geometry,  and  provide  as  much  information  as  possible. 


The  exact  nature  of  the  stresses  at  a crack  tip  or  flaw,  and 
the  geometry  of  the  crack  front  before  and  during  crack  propa- 
gation continue  to  be  the  most  nebulous  and  ambigous  feature  of 
fracture  toughness  testing.  The  double  torsion  sample  has  a curved 
crack  front  that  is  receiving  increased  critical  attention  as  being 


invalid  for  slow  crack  growth  studies  because  it  may  not  be  a 
constant  Kj  test  geometry  as  originally  thought.  The  shape  of 
natural  and  controlled  (or  artifically  induced)  flaws  is  usually 


semielliptical  but  must  be  established  by  postrtest  fractographic 
examination.  The  other  tests  are  presumed  to  have  a straight-through 
crack  front.  The  exact  shape  may  in  fact  be  dependent  on  machining 
or  fatigue-generated  flaw  geometry.  Various  opinions  have  been  ex- 
pressed concerning  the  necessity  of  creating  a sharp  crack  front  by 
cyclic  fatigue  or  other  means  compared  to  results  based  on  a simple 
machined  notch,  where  machining  flaws  may  be  adequate. 


The  double  torsion  crack  front  is  also  quite  large  compared 
to  actual  flaws  in  ceramics,  thus  removing  inhomogeneity-related 
effects  from  DT  test  data. 
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The  constant  tension,  cantilever  beam,  and  constant  moment 
geometries  must  be  loaded  in  tension  and  hence  are  not  amenable 

to  testing  at  high  temperature  (the  other  tests  are  conducted  in 
bending).  Tests  in  high  temoerafure  hostile  environments  usually  pre- 
clude monitoring  the  crack  advance  during  testing,  as  is  re- 
quired by  the  CT  and  DCB  tests.  The  advancing  crack  is  also 
more  difficult  to  follow  in  porous  materials,  such  as  reaction 
sintered  Si-jN^.  The  CT,  DCB,  and  TCB  samples  also  require  care- 
ful machining  of  their  notch  and/or  a complex  tapered  shape. 

In  light  of  the  above  considerations  the  double  torsion  and 
the  natural  or  controlled  flaw  tests  appear  to  be  the  most 
promising  for  potential  turbine  ceramics.  The  double  torsion 
geometry  was  selected  for  the  Phase  I of  this  program  because 
of  its  simple  geometry,  capability  for  high  temperature  testing, 
and  that  only  the  applied  load  had  to  be  monitored. 

5.2.1  Experimental  Procedure 

The  critical  stress  intensity  factor,  of  the  as-machined 

NC-132,  NC-435 , NC-350  and  KBI  RSSN  materials  was  measured  using 
a double  torsion  test  geometry.  Measurements  were  made  at  room 
temperature  and  at  1350°C.  The  elevated  temperature  tests  for 
several  NC-435  samples  were  made  at  1410°C  due  to  a defective 
thermocouple.  When  this  was  recognized  the  correct  temperature 
was  measured  with  an  optical  pyrometer. 

(2) 

The  test  apparatus  was  described  in  a previous  report 
Specimen  dimensions  were  approximately  64  ran  x 25  mm  x 2.5  mm 
(2.5  in.  x 1.0  in.  x 0.1  in.).  To  achieve  proper  fracture 
initiation  and  crack  propagation  down  the  sample  groove  necessi- 
tated development  of  the  final  machined  geometry  as  discussed  in 
the  last  interim  report^.  Since  the  environment  of  the  crack 
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has  been  shown  to  influence  the  test  results , the  samples 
were  washed  in  hot  water  for  15-20  minutes  to  remove  the 
grinding  aid  used  during  machining  (the  manufacturer's  recommended 
procedure).  All  samples  were  then  dried  in  an  oven  at  80 °C  for 
15  minutes.  A cross -head  speed  of  0.5  mm/min.  (0.02  in/min)  was 
utilized  during  tests. 


The  critical  stress  intensity  factor  was  computed  from  the 
relation: 

" 1/2 


K, 


PW 


m 


3_Q. +.v). 
w tr  d_ 


n 


where  P = Load 

W = sample  width  = 25.4  mm  = 1.000  in. 

t - sample  thickness 

d = Groove  thickness 
n 

W = 9.525  mm  = 0.375  in. 
m 


v = Poisson's  ratio 


The  fracture  surface  energy  for  each  material  was  also 
determined  using  the  data  for  average  values  of  flexural  modulus 
and  Kt  obtained  in  this  program  and  the  following  expression 
for  K^c  in  plane-strain  bending: 


1 2 y E i 

! — 1 ? 

, 1 - 


■ 1/2 


5.2.2  Experimental  Results  and  Discussion 

The  test  results  are  tabulated  in  Tables  5.7  and  5.8.  All 
samples  tested  experienced  catastrophic  failure  at  all  temperatures 
once  fracture  was  initiated.  Tests  where  the  crack  path  did  not 
follow  the  machined  groove  were  considered  invalid.  Table  5.9 
provides  a summary  of  the  results  for  each  material  and  test 
temperature . 
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TABLE  5 . 7 


: 

o 


o 

FRACTURE  TOUGHNESS  RESULTS  ROOM  TEMPERATURE 


NC-132 

KIc  MNm~3/2 

Batch 

Average 

KI  MNm" 
C 

3/2 

Batch 

Average 

NC-435 

11T9 

6.55  7 

4 48 

41T1 

3.72 

? 3.93 

11T10 

4.34  \ 

HO 

41T2 

4.14 

11T11 

5.54  ) 

41T3 

3.94 

) 

12T1 

4.18  ) 

43T1 

3.61 

7 

12T3 

5.44  \ 

5.04 

43T2 

4.58 

V 3.92 

12T4 

5.50  J 

43T3 

3.56 

J 

44T1 

3.74 

7 

44T3 

3.36 

V 3.40 

44T4 

3.11 

J 

!. 

I) 


D 

li 


NC-350 

Batch 

Average 

KB  I 

Batch 

Average 

31T1 

i.63  ; 

K1T1 

2.17 

J 2.35 

31T3 

2.12 

1.88 

KIT  2 

2.41 

32T1 

2.25 

9 1ft 

K1T3 

2.47 

) 

32T2 

2.28 

• xo 

K2T1 

2.03 

1 2 08 

32T3 

1.94 

K2T2 

2.04 

7 fc  « V/U 

33T1 

2.31  ' 

K2T3 

2.17 

J 

33T2 

1.91 

2.08 

K3T1 

2.29 

V 2 21 

33T3 

2.02  . 

K3T2 

2.19 

K3T3 

2.15 

J 

0 

0 

ii 

1 
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TABLI  5 . 8 


FRACTURE  TOUGHNESS  RESULTS  ELEVATED  TEMPERATURE:  1350°C 


NC-132 

11T6 

11T7 

11T8 

12T5 

12T6 

12T7 

12T8 


K _3/2 

I MNm 

C 

Batch 

Average 


8.41 

9.02 

8.22 

10.2 

11.3 

9.66 

10.5 


NC-350 


31T4 

31T6 

31T7 

32T4 

32T6 

32T7 

33T4 

33T5 

33T6 


NC-435 

41T5 

41T6 

43T4 

43T5 

43T6 

44T5 

44T6 

44T7 


2.98 

2.67 

1.22 

1.65 

1.97 

2.14 

1.87 

1.83 


8.55 


J 

J 10 


3.44 

2.03 

3.83 

3.18 

1.78 

3.23 

2.98 

1.67 

2.97 


Batch 

Average 


3. 10 
2.73 


J 2.54 

ELEVATED  TEMPERATURE: 
Batch  Average 
} 2.83 

j 1.61 

f 1.95 


K -3/2 

I MNm 

C 


NC-435 


Batch 

Average 


1410°C 


{ 


41T4 

7.76 

fi 

41T7 

6.97 

> 7.30 

41T8 

7.16 

) 

11 

43T8 

6. 16 

7 

r 

43T9 

9.66 

V 7.20 

ii 

43T10 

5.54 

) 

44T8 

7.42 

*> 

E 

44T9 

6.86 

> 6.30 

44T10 

4.63 

j 

1 

n 1 
/ 1 

Li 

Batch 

(1 

KB  I 

Average 

■ 

K1T4 

1.92  ‘ 

[■  2.16 

n 

K1T5 

2.33 

u 

K1T6 

2.22 

K2T4 

2.17 

l 2.22 

j'(  j 

K2T5 

2.17 

i 

K2T6 

2.32 

) 

K3T4 

2.52 

i 2.41 

K3T5 

2.22 

fi 

K3T6 

2.49 

5 

TABLE  5.9 


AVERAGE  FRACTURE  TOUGHNESS  RESULTS 


Temperature  * 20 °C 

HPSN 

NC-132 

RSSN 

NC-350 

Si/SiC 

NC-435 

RSSN 

KBI 

Number  of  Samples 

6 

8 

$ 

-3/2 

Mean  Kic,MNm 

5.25 

2.06 

3. 

75 

2.21 

Std.  Dev. 

0.968 

0.224 

0. 

408 

0.150 

Coeff.  Variation 

0.186 

0.109 

0. 

,109 

0.068 

EjGNm"2 

324 

176 

349 

144 

Fracture  Surface 

37.1 

11.3 

19, 

.3 

15.8 

_2 

Energy  y Jm 

Temperature  - 1350°C 

HPSN 

RSSN 

Si/SiC 

RSSN 

NC-132 

NC-350 

1 

rc-435 

KBI 

Number  of  Samples 

6 

9 

9 

8 

9 

Mean  KIc)MNm"3/2 

9.46 

2.79 

6.91 

2.40* 

2.26 

Std.  Dev. 

1.17 

0.772 

1.43 

0.560 

0.182 

Coeff.  Variation 

0.123 

0.277 

0.207 

0.233 

0.080 

E5GNm'2 

184 

195 

254 

254 

207 

Fracture  Surface 

233.5 

19.2 

88.6 

10.9 

12.7 

Energy  y Jm~2 

♦measured  at  1410°C 
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The  data  obtained  from  room  temperature  testing  are  com- 
parable to  data  obtained  by  other  investigators  for  these  or 
similar  materials 64).  The  agreement  between  the  two  reaction 
bonded  silicon  nitride  materials  is  good.  Also  note  that  the 
KBI  RSSN  exhibited  very  little  data  scatter  (in  contrast  with 
flex  strength  results) , which  supports  the  fact  that  the  induced 
flaw  in  the  DT  technique  is  larger  than  the  process -related 
inhomogeneities  and  intrinsic  critical  flaw  in  this  material. 

The  standard  deviation  for  all  materials  tested  increased  with 
increasing  Kx^,.  The  relatively  constant  coefficient  of  vari- 
ation suggests  the  test  was  not  significantly  influenced  by 
failure  load  level. 

The  results  at  room  temperature  for  the  Si^N^  materials  are 
primarily  related  to  density.  Strength  and  modulus  are  pro- 
portional to  density  and  influence  Kt  through  the  relations 
given  above.  Flaws  consisting  of  pores  or  pore  agglomerates  are 
larger  than  the  typical  flaw  found  in  the  denser  materials.  The 
fracture  surface  energy  is  also  affected  by  density  in  that  more 


energy  is  needed  to  create  crack  area  through  a dense  material 
compared  to  a porous  one,  all  other  factors  being  equal.  The 
presence  of  a distinct  grain  boundary  phase  in  NC-132  should  also 
account  for  some  of  its  higher  fracture  surface  energy  at  room 


temperature , where  intergranular  fracture  predominates.  Thus, 
the  porous  reaction  bonded  materials,  NC-350  and  KBI,  exhibit 
lower  room  temperature  Kj  values  than  the  denser  NC-132  material 
due  to  increased  porosity  and  the  lack  of  a significant  grain 
boundary  phase.  Claussen  and  Lahmann^^  fabricated  their  own 
HPSN  using  MgO  additions  and  obtained  similar  Kxc  values  using  the 
single  edge  notched  beam  test. 

Wills,  et.al^59^  state  that  the  difference  in  measured 
for  NC-350  RS  Si^N^  and  a material  like  NC-435  siliconized  SiC 
would  be  due  mainly  to  the  much  higher  elastic  modulus  of  SiC. 
Additional  factors  contributing  to  the  high  Kj  and  y for  NC-435 
may  include  high  density,  the  presence  of  silicon  and  the  elastic 
discontinuity  between  the  Si  and  SiC  phases , and  that  the  fracture 
process  in  SiC  may  be  intrinsically  different  than  in  Si^N^ 
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(i.e.,  intergranular  in  Si^N^  and  transgranular  along  cleavage 
planes  in  SiC) . 


The  value  of  the  fracture  surface  energy  at  room  tempera- 
ture for  NC-132  HP  Si^N^  (y  = 37.1  Jm"2)  is  in  excellent 
agreement  with  values  for  Norton  HS-130  (y  * 39  Jm”2)  reported 
by  Petrovic  and  Jacobson^® , who  cite  work  reported  by 


Wiederhom  and  Evans 


and  also  by  Lange 


from  other  fracture 


mechanics  tests.  The  fracture  surface  energy  obtained  at  IITRI 

for  NC-435  SiC  (y  * 19.3  Jm"2)  at  25°C  is  in  qualitative  agree- 

_o 

ment  with  data  reported  (y  ■ 16.35  Jm  ) for  NC-203  hot  pressed 

silicon  carbide Better  agreement  was  obtained  with  the 

results  of  Coppola  and  Bradt^*^  using  the  notched  beam  technique 

on  another  reaction  bonded  SiC  (y  - 19  Jm"2) . However,  their 

_2 

results  for  the  double  cantilever  beam  were  higher  (30.7  Jm  ). 


The  computed  room  temperature  fracture  surface  energy  of 
NC-350  (y  ■ 11.3  Jm"2,  Table  5.9)  is  in  good  agreement  with  data 
reported  by  Wills,  et.  al^^  (y  = 10.2  Jm-2)  from  the  controlled 
surface  flaw  in  bending  technique.  By  comparison,  the  results 
for  KBI  reaction  bonded  Si^N^  are  higher  (y  » 15.8  Jm  2) . This  is 
apparently  due  to  the  inverse  contribution  of  a lower  flexural 
modulus,  since  the  critical  stress  intensity  factors  are  approxi- 
mately equal.  Subsequent  fracture  mechanics  calculations 
will  attempt  to  determine  if  this  higher  room  temperature 
surface  energy  for  KBI  RSSN  is  at  all  related  to  the  difference 
in  fracture  surface  appearance  between  NC-350  and  KBI  reaction 
sintered  silicon  nitride  materials  tested  for  flexural  strength 
that  was  discussed  above  in  Sections  5.1.3  and  5.1.4. 

The  observed  high  temperature  fracture  toughness  behavior 
is  consistent  with  other  high  temperature  mechanical  properties 
and  fractographic  evidence.  The  presence  of  a viscous  grain 
boundary  phase  and  the  healing  of  flaws  during  oxidation,  in 
addition  to  porosity,  may  influence  material  behavior  at  high 
temperatures, 

1 1 T RESEARCH  INSTITUTE 


99 


These  provide  mechanisms  for  absorption  of  additional  fracture 
energy  and  so  increase  resistance  to  crack  propagation. 

The  Kj  results  for  NC-132  at  1350°C  (see  Table  5.9)  are  in 
excellent  agreement  with  the  CF  work  of  Petrovic  et.al.  on 
HS-130  and  showed  an  increase  of  827,  over  25°C  values.  Similar 
increases  have  been  observed  by  others (62,63)  £or  jjpgjj  Since 
the  flexural  modulus  decreased  at  1350°C  and  fracture  surface 
energy  depends  on  the  square  of  a large  value  of  y was 

obtained  (y  = 233.5  Jm~  ).  Petrovic  et  al  and  Lange 
suggested  subcritical  crack  growth  occurs  in  HPSN  which  could 
account  for  this  large  energy  increase.  The  viscous  nature 
of  the  grain  boundary  at  T > 1200 °C  in  NC-132  is  the  primary 
reason  for  the  very  large  increase  in  fracture  surface  energy 
over  room  temperature  values.  Considerable  energy  is  expended  and 
absorbed  in  the  viscous  layer  during  the  intergranular  fracture 
process. 

The  Kt  for  NC-350  at  1350°C  increased  by  357o  over  room 

c 

temperature  averages  and  the  fracture  surface  energy  almost  doubled. 
Strength  and  fractographic  evidence  suggest  some  oxidation 
of  pores  occurs  in  this  material  at  temperature  when  tested 
in  air  which  would  explain  the  higher  fracture  surface  energy 
calculated  for  this  porous  material  (the  concept  of  porosity 
modification  by  oxidation  was  discussed  in  Section  5.1.3).  These 
results  are  in  contrast  to  the  work  of  Wills  et  al. v ' , who 
used  the  controlled  flaw  fracture  toughness  technique  and  tested 
in  vacuum  at  high  temperature.  They  reported  a decrease  in  Kt 
for  NC-350  with  increasing  temperature.  However,  our  work  would 
indicate  that  this  result  was  due  to  the  vacuum  environment,  or 
rather  the  lack  of  the  air  environment  that  caused  the  increase  in 
fracture  toughness  in  our  tests.  This  interpretation  is  supported 
by  the  IITRI/AFML  static  strength  data  in  both  air  and  vacuum 
shown  previously  in  Table  5.3  and  5.2B.  The  elevated  temperature 
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strength  ot  air-tested  samples  was  almost  auuoj.e  tne  room 
temperature  strength.  At  elevated  temperature  in  vacuum, 
however,  the  strength  was  almost  equivalent  to  the  room  tempera- 
ture strength.  The  present  strength  and  fracture  toughness  results, 
therefore,  support  the  idea  of  microstructural  modification  by ‘ 
oxidation  in  elevated  temperature  air  tests. 

The  critical  stress  intensity  factor  Kjc  for  KBI  reaction 
sintered  Si.jN^  did  not  change  with  temperature.  Similar  values 
(Table  5.9)  were  obtained  at  25°C  and  at  1350°C  in  air  environ- 
ment. The  fracture  surface  energy  was  similarily  unaffected 
except  for  a slight  decrease  at  1350°C  thought  to  be  due  to  the 
modest  flexural  modulus  increase  at  this  temperature.  These 
results  for  the  fracture  toughness  (Kj^  and  y)  are  consistent 
with  the  high  temper ature  static  flexural  strength  data  for  KBI 
RSSN,  where  very  little  change  with  temperature  was  observed.  It 
is  thus  concluded  from  the  strength  and  fracture  toughness  data, 
that  very  little  structure  modification  occurred  during  oxidation  in 
the  KBI  RS  Si-jN^.  This  could  be  due  either  to  1)  a much  lower 
oxidation  rate  compared  to  NC-350  (oxidation  rate  very  sensitive 
to  specific  impurity  content)  or  to  2)  the  larger  and  more  open 
porosity  Ln  the  KBI  material  that  is  not  as  profoundly  affected 
by  elevated  temperature  oxidative  exposure  as  in  NC-350.  Graham 

has  found  however  that  oxidation  rates  for  KBI  and  NC-350  RSSN's 
are  comparable  (rates  very  low,  rate  for  KBI  slightly  greater 
than  for  NC-350).  Thus,  the  latter  hypothesis  appears  more 
plausible. 

The  results  for  NC-435  siliconized  SiC  measured  at  1350#C  and 
inadvertantly  at  1410#C  are  shown  in  Tables  5.8  and  5.9.  There 
is  an  initial  increase  in  Kj^  and  y at  1350#C  over  room  tempera- 
ture values,  followed  by  a rapid  degradation  (decrease  in  Krr  and 
y)  at  1410°C  to  a level  below  room  temperature  performance. 

Petrovic  and  Jacobson obtained  an  increase  in  Kjc  with  in- 
creasing temperature  for  NC-203  HP  SiC  (with  4 wt!  AljO^  and 
4 wt7.  W)  similar  to  that  found  at  IITRI  on  NC-435  when  they 
annealed  their  controlled  flaw  samples  at  various  temperatures 
above  600°C.  They  attributed  the  increase  in  Kj  that  was  sub- 
sequently measured  at  room  temperature  to  the  influence  of 
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oxidation  on  flaw  healing.  They  also  found  a modest  increase 
in  as  a function  of  temperature  without  the  prior  annealing 
heat  treatment.  It  is  possible  that  some  healing  of  flaws 
occurred  in  the  present  NC-435  Si/SiC  also,  although  the  decreases 
in  strength  and  modulus  found  for  this  material  at  1350°C  (refer 
to  Figure  5.1)  suggest  it  was  limited  if  it  occurred  at  all. 

The  fact  that  fracture  toughness  increased  in  spite  of  de- 
creases in  strength  and  modulus  indicates  that  a mechanism  that 
could  markedly  increase  fracture  surface  energy  and/or  increase 
plastic  deformation  (absorbing  energy)  is  primarily  responsible. 

The  silicon  in  the  structure  could  be  solely  responsible  for  this 
in  a manner  similar  to  the  contribution  of  the  grain  boundary 
impurity  phase  in  NC-132  HP  Si^JT^  at  elevated  temperature,  i.e., 
increasing  plasticity  of  the  silicon-rich  phase  at  high  temperature 
However,  the  mechanism  might  be  more  subtle.  For  instance  the  in- 
crease in  Kic  of  HC-435  Si/SiC  at  1350°C  could  be  due  to  a large 
increase  in  fracture  surface  energy,  y,  caused  by  the  elevated 
temperature  exposure  in  air . There  may  be  some  change  in  com- 
position at  the  crack  tip  or  along  the  crack  path  that  permits 
energy  absorbtion  by  slow  crack  growth  , a change  in  fracture 
surface  energy,  etc.  Such  a mechanism  might  be  the  formation  of 

silicide  comoounds  alone  the  crack  oath  with  elevated  temoerature 
oxidative  exposure. 

The  rapid  degradation  of  properties  at  1410 °C,  which  is  the 
melting  point  of  silicon,  probably  occurs  because  the  silicon-rich 
phase  can  no  longer  support  a load  and  offers  only  minimum  re- 
sistance to  crack  propagation.  This  interpretation  is  further 
supported  by  the  observation  of  beads  of  silicon-rich  material 
on  the  samples  after  testing  (total  exposure  time  at  1410°C  was 
15-30  minutes) . As  the  silicon-rich  phase  exudes  from  the  sample 
the  microstructure  of  the  SiC  phase  remaining  to  resist  crack 
propagation  becomes  equivalent  to  a much  more  porous  body. 


0 
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The  strength  and  modulus  of  this  equivalent  body  are  lowered 
so  the  fracture  toughness  decreases  to  a value  lower  than  that 
measured  at  room  temperature.  The  resulting  critical  stress 
intensity  factor,  K^,  and  fracture  surface  energy,  y,  for  the 
porous  SiC  body  are  very  close  to  those  obtained  for  the  porous 
Si^N^  materials  (as  shown  in  Table  5.9). 

5.2.3  Summary  of  Fracture  Toughness  Results 

The  double  torsion  fracture  toughness  results  obtained  on  the 
four  candidate  ceramic  gas  turbine  materials  have  been  interpreted 
in  terms  of  porosity,  microstructure,  secondary  phases,  and 
oxidation.  Fracture  toughness  at  25°  and  1350°C  is  low  for  the 
reaction  sintered  Si^N^  materials  due  to  high  porosity  and  lack 
of  energy  absorbing  impurity  phases.  Conversely,  the  high 
fracture  toughness  of  NC-132  HP  Si^Il^  is  attributed  to  its  near 
theoretical  density  and  the  presence  of  a viscous  impurity  phase 
concentrated  in  regions  along  the  crack  path  (intergranular).  The 
behavior  of  the  siliconized  SiC  material,  ITC-435 , may  not  be  as 
straightforward.  Increasing  plasticity  to  the  silicon-rich  phase  at 
elevated  temperature  could  lead  to  the  increases  in  Ki^  observed. 

A more  subtle  interpretation  involves  chemo-mechanical  effects 
along  the  crack  path  that  increase  the  fracture  surface  energy 
with  high  temperature  oxidative  exposure.  At  temperatures  >1410°C 
however,  the  silicon  in  the  Si/SiC  structure  becomes  unable  to 
support  significant  stresses,  and  the  composite  material  behaves 
much  like  a porous  body  with  accompanying  rapid  decrease  in  fracture 
toughness . 

In  Section  3 it  was  indicated  that  in  the  next  phase  of  our 
program  fracture  toughness  measurements  would  be  made  on  other 
SiC  and  Si^N^  materials  using  the  controlled  surface  flaw 
method^®’  To  compare  this  method  directly  with  the 

double  torsion  method  the  test  matrix  used  for  double  torsion 
measurements  is  bein^  repeated  for  the  same  materials,  i.e. 

NC-132,  NC-435,  NC-350  and  KBI  RS  Si3N4  (3  samples  in  each  of 
3 batches  of  material  at  both  room  temperature  and  1350 °C) , but 
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using  the  controlled  flaw  method.  This  study  should  provide  a 
valuable  direct  comparison  of  the  two  test  techniques  and  their 
applicability  to  the  Si^N^  and  SiC  materials  of  interest  in  gas 
turbine  engines. 

f 
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5. 3 Creep  Behavior 

Creep  resistance  is  of  primary  concern  in  the  rotating 
components  of  a turbine  engine.  High  creep  rates  lead  to  both 
excessive  deformations  and  uncontrolled  stresses  in  the  transition 
zone  between  crept  and  non- crept  material  during  cool-down. ^^6) 

Creep  is  a thermally  activated  process.  After  stress 
application  there  is  an  instantaneous  strain,  followed  by 
three  regions  of  creep  behavior.  Primary  creep  (stage  I) 
is  characterized  by  a creep  rate  that  continually  decreases 
with  time.  This  is  followed  by  secondary  (stage  II)  creep 
behavior  where  the  creep  rate  remains  constant  with  increasing 
strain  and  time.  Stage  III  or  tertiary  creep  is  observed 
just  prior  to  fracture,  and  is  characterized  by  a rapid  in- 
crease in  creep  rate.  Steady  state  secondary  creep  behavior 
is  of  greatest  interest  in  structural  applications.  The  steady 
state  creep  rate,  e,  is  governed  by  the  empirical  relation: 

e = Aone  r'E/kT  (1) 

Creep  deformation  mechanisms  are  deduced  in  part  by  analysis 
of  measured  creep  rates  with  respect  to  this  relation,  together 
with  microstructural  analysis  of  deformed  (crept)  specimens. 
Experimental  schedules  normally  cover  a range  of  stress  and 
temperature  which  permit  analytical  determination  of  the  stress 
exponent,  n,  and  activation  energy,  E.  Creep  rupture  tests 
involve  measurement  of  time- to- failure  under  various  steady 
loads.  Creep  rupture  information  is  important  in  lifetime 
predictions  in  structural  members  subject  to  static  fatigue 
conditions . 

Both  creep  and  creep  rupture  tests  have  been  conducted 
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in  4-point  flexure  on  the  silicon  nitride  and  silicon  carbide 
materials  (NC-132,  NC-435,  NC-350  and  KBI  RS  Si^)  in  air 
atmosphere  at  1350,  and  1500 °C.  The  results  are  discussed  in 
the  following  sections. 

5.3.1  Creep  Rupture  Tests  - 50  Hours 

Creep  rupture  results  at  1350°C  and  1500°C  were  presented 
in  the  last  interim  technical  report ^ on  NC-132,  NC-435 
and  NC-350.  No  definitive  trends  were  observed  when  the  data 
were  presented  as  rupture  stress  vs.  log  time  due  to  very 
large  scatter.  These  results  are  shown  in  Tables  5.10  through 
5.12.  Four-point  creep  rupture  results  at  1350°C  and  1500°C 
for  KBI  reaction  sintered  Si^N^  are  tabulated  in  Table  5.13. 

The  performance  of  the  KBI  reaction  sintered  material  was  much 
poorer  than  NC-350.  The  times  to  failure  for  KBI  RSSN  were 
much  shorter,  the  test  samples  often  failing  during  initial 
loading  at  1500°C.  This  occurred  at  20-30  ksi  lower  stress 
levels  than  NC-350  for  the  same  test  temperature.  These  data 
are  consistent  with  the  lower  strength  of  the  KBI  material 
with  respect  to  NC-350.  Comparing  the  densities  of  KBI  samples 
with  time  to  failure  results  in  fairly  good  correlation. 

Samples  K1CR2,  K3CR1,  and  K3CR2  (see  Table  5.13)  are  exceptions, 
but  in  general  only  those  specimens  with  density  >2.6  gm/cc  sur- 
vived to  (or  near)  50  hours.  These  creep  rupture  data  for 
the  four  materials  will  again  be  evaluated  when  fractographic 
analyses  are  complete  in  an  attempt  to  correlate  flaws /micro- 
structure with  time  to  failure. 

5.3.2  Creep  Testing 

Four-point  50  hour  creep  testing  at  1350°C  and  1500°C  has 
been  completed  for  NC-132  hot-pressed  Si^N^,  NC-435  siliconized 
SiC,  NC-350  reaction  sintered  Si-jN^,  and  KBI  reaction  sintered 
Si^N^.  All  testing  was  performed  in  air  using  the  dead-weight 
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TABLE  5.10 

FOUR  POINT  CREEP  RUPTURE  ON  NC- 132 


I 


Spec. 

Number 

Temperature  °C 

P.  Rm/cc 

Stress .KSI 

Time-to-Failure 

Batch  1 

' 

11CR1 

1350 

3.184 

AO 

15 . 6 hrs . 

11CR2 

1350 

3.178 

10 

65  hrs.  No  Failure 

20 

50  hrs.  No  Failure 

30 

50  hrs.  No  Failure 

AO 

67  hrs.  No  Failure 

50 

50  hrs.  No  Failure 

60 

6 hrs. 

11CR3 

1350 

3.183 

50 

2.5  hrs. 

11CR4 

1350 

3.182 

AO 

170  hrs.  No  Failure 

11CR5 

1500 

3.178 

10 

51  hrs.  No  Failure 

1 

11CR6 

1500 

3.179 

15 

Large  Deformation 

50  hrs.  No  Failure 

Large  Deformation 

Batch  2 

12CR1 

1350 

3,190 

AO 

0 

12CR2 

1350 

3.190 

35 

0.6  hrs. 

12CR3 

1350 

3.185 

30 

0.7  hrs. 

12CR4 

1500 

3.175 

15 

0 , 2 hrs . 

12CR5 

1500 

3.179 

10 

1.1  hrs. 

I 

12CR6 

1500 

3.178 

2.5 

50  hrs.  No  Failure 

1 

u 

0 


* 
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TABLE  5.11 


* 

t 


FOUR  POINT 

CREEP  RUPTURE 

ON  NC-435 

u 

Spec. 

Number 

Temperature  °C 

P,  gtn/cc 

Stress ,KSI 

Time -to -Failure 

Batch 

41CR4 

1 

1200 

2.939 

40 

50  hrs.  No  Failure 

D 

41CR5 

1200 

2.924 

40 

50  hrs.  No  Failure 

I 

41CR6 

1200 

2.942 

40 

50  hrs . No  Failure 

Batch 

43CR4 

3 

1200 

2.989 

40 

50  hrs.  No  Failure 

• t 1 

43CR5 

1200 

2.993 

40 

50  hrs.  No  Failure 

l> 

43CR6 

1200 

2.982 

40 

50  hrs.  No  Failure 

Batch 

44CR4 

4 

1200 

2.971 

40 

50  hrs.  No  Failure 

0 

44CR5 

1200 

2.958 

45 

3 hrs. 

44CR6 

1200 

2.957 

45 

50  hrs.  No  Failure 

latch 

4i mr 

1 

1350 

2.906 

40 

11.9  hrs. 

41CR2 

1350 

2.924 

40 

Less  Than  1 Min. 

41CR3 

1350 

2.935 

40 

Less  Than  1 Min. 

0 

Batch 
4 3CST 

_3 

1350 

2,993 

35 

46.32  hrs. 

rn  I 
0 

43CR2 

1350 

2.984 

35 

3.61  hrs. 

L-j 

43CR3 

1350 

2.985 

35 

10 . 98  hrs . 

w 

Batch 

54cftl 

_4 

1350 

2.964 

35 

0 

0 

44CR2 

1350 

2.945 

35 

0 

44CR3 

1350 

2,955 

25 

50  hrs.  No  Failure 

rr 

i ) 


TABLE  5.12 


FOUR  POINT  CREEP  RUPTURE  ON  NC-  350 


Spec. 

Number 

Temperature  °C 

P.  gm/cc 

Stress ,KSI 

Time-to-Failure 

Batch  1 

31CR1 

1350 

2.516 

35 

50  hrs.  No  Failure 

31CR2 

1350 

2.521 

35 

50  hrs.  No  Failure 

31CR3 

1350 

2,548 

35 

50  hrs.  No  Failure 

Batch  2 

32CR1 

1350 

2.434 

40 

.9  Min. 

32CR2 

* 1350 

2.441 

35 

50  hrs. 

32CR3 

1350 

2.506 

35 

50  hrs. 

Batch  3 

33CR1 

1350 

2,550 

35 

33 . 5 Min, 

33CR2 

1350 

2.522 

35 

50  hrs . No  Failure 

33CR3 

1350 

2.544 

35 

50  hrs.  No  Failure 

Batch  1 

31CR4 

1500 

2.488 

25 

50  hrs.  No  Failure 

31CR5 

1500 

2.507 

30 

37.7  hrs. 

31CR6 

1500 

2.542 

30 

35. 3 hrs . 

Batch  2 

32CR4 

1500 

2.389 

30 

45.9  hrs. 

32CR5 

1500 

2.343 

30 

- 10.8  hrs. 

32CR6 

1500 

2.398 

30 

37.4  hrs. 

Batch  3 

33CR4 

1500 

2.540 

30 

Less  Than  1 Min. 

33CR5 

1500 

2.577 

30 

50  hrs . No  Failure 

33CR6 

1500 

2,572 

30 

50  hrs.  No  Failure 
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TABLE  5.13 


FOUR  POINT  CREEP  RUPTURE  ON  KB  I RBSN 

0 


Spec. 

Number 

Temperature  °C 

p.  fcm/cc 

Stress ,KSI 

Time-to-Failure 

Batch  1 

K1CR1 

1350 

2.282 

14.9 

1 . 6 hrs . 

K1CR2 

1350 

2.287 

10 

50  hrs . 

K1CR3 

1350 

2.282 

12.1 

14.2  hrs. 

Batch  2 


K2CR1 

1350 

2.351 

11.5 

4.5  hrs. 

K2CR2 

1350 

2.677 

10 

50  hrs . 

K2CR3 

1350 

2.360 

10.7 

3.5  hrs. 

Batch  3 

K3CR1 

1350 

2.305 

11.2 

29  hrs. 

K3CR2 

1350 

2.307 

10.7 

35.7  hrs. 

n 

K3CR3 

1350 

2.371 

10.2 

5 . 8 hrs . 

a 

Batch  1 

K1CR4 

1500 

2,679 

1C 

50  hrs. 

U 

K1CR5 

1500 

2.554 

9.9 

12  hrs. 

K1CR6 

1500 

2.748 

9.9 

50  hrs. 

Batch  2 

K2CR4 

1500 

2.754 

10.2 

50  hrs. 

u 

K2CR5 

1500 

2.359 

10.4 

0 

• 

K2CR6 

1500 

2.342 

9.8 

0 

u 

Batch  3 

V 

n 

K3CR4 

1500 

2,383 

8.5 

0 

u 

K3CR5 

1500 

2.353 

8.4 

0 

n 

K3CR6 

1500 

2.379 

6 

0 

LI 

n 

f] 
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loading/3-point  DCDT  deflectometer  system  described  pre/iously^ . 
Much  of  the  steady-state  creep  strain  vs  time  data  for  these 
materials  was  presented  in  the  last  interim  technical  report 
The  reader  is  referred  to  Section  4.2.2. 1 of  that  report  for  details. 
During  the  current  reporting  period  testing  was  completed  for  Phase  I 
materials.  The  following  sections  overview  the  data  and  discuss 
correlations  and  mechanistic  interpretation. 

5. 3. 2.1  Creep  Strain  vs  Time 

NC-132  hot-pressed  Si^N^  tested  at  1360°C  + 10°C  under 
applied  loads  of  10  and  15  ksi  attained  second  stage  creep  in 
about  ten  hours,  and  exhibited  steady  state  creep  rates  of 


•3.2  + .2  x 10'4  hr-1, 


-4  -1 

and  -5.1  + .4  x 10  hr  , respectively. 


At  1500°C,  previously  presented  data  for  Batch  2 and  new  data 

for  Batch  1 are  shown  in  Figures  5.33  and  5.34.  Applied  stress 

levels  varied  from  1.5  to  2.5  ksi,  and  steady  state  creep  was 

obtained  in  10  hours.  Creep  rates  varied  fairly  consistently 

-4  -1  -4 

over  the  applied  stress  range  from  1 x 10  hr  to  2.2  x 10  hr 

NC-435  siliconized  SiC  samples  exhibited  very  low  de- 
formation rates  at  1200°C,  < 2 x 10  hr  1 for  applied  stresses 
of  30-35  ksi.  Several  samples  tested  at  30  ksi  exhibited  creep 
rates  of  ~6  + 2 x 10”^  hr"*.  Compared  to  NC-132  a more  gradual 
transition  from  primary  to  secondary  creep  was  observed.  This 
was  also  true  for  NC-435  samples  tested  at  1350°C.  All  samples 
from  two  batches  of  material  tested  at  1350°C  survived  the  50 

1 . _ _ TT  A.  _ _ .£  / C 1 1 C ..  1 1.  — " 


hour  creep  test,  exhibiting  stage  II  rates  of  4.5  + 1.5  x 10  hr 

at  30  ksi  and  creep  rates  of  -2.6  x 10  ^ hr  * at  20  ksi.  At  20 

ksi,  however,  large  scatter  was  observed,  the  creep  rates  varying 

from  1.7  x 10"5  hr'1  to  4.7  x 10"5  hr"1.  The  third  batch  of 

NC-435  samples  tested  at  1350°C  (Batch  3)  all  failed  in  less  than 
10  hours  under  applied  stresses  ranging  from  20-30  ksi. 


mv  imvivwi 


in 


FIGURE  5.34  CREEP  STRAIN  vs . TIME  FOR  NC-132  HP  Si,N 
(Batch  1)  at  1500°C.  3 ' 


■■■■■■■■ 


Creep  data  for  all  NC-435  samples  are  tabulated  in  Table 
5.14.  A relatively  small  density  variation  in  these  Si/SiC 
samples  is  shown  (2.910  to  3.021  gm/cc).  The  reason  for  the 
large  scatter  in  steady  state  creep  rates  for  this  moderately 
creep  resistant  material,  then,  must  be  related  to  variations 
in  the  amount  and  distribution  of  the  silicon-rich  phase,  as 
discussed  in  Section  5.1.2.  Recall  that  flexure  strengths  were 
significantly  higher,  both  at  20°C  and  1200°C,  for  the  batch 
(#3)  with  the  least  amount  of  silicon  present.  The  1200°C 
creep  data  shows  a correlation  of  increasing  creep  rate  with 
increasing  silicon  content  that  is  analagous  to  the  correlation 
of  decreasing  strength  with  increasing  silicon  content. 

Figure  5.35  presents  creep  strain  rate  vs.  log  applied  stress 
for  all  of  the  NC-435  samples.  The  large  scatter  in  the  1200°C 
data  is  evident.  Beside  each  data  point  is  a symbol  that  refers 
to  the  relative  amount  of  silicon  in  each  sample  (this  was 
determined  qualitatively  by  x-ray  diffraction  analysis  on  material 
judged  representative  of  each  batch  of  NC-435,  and  not  on  the 
creep  samples  themselves).  Note  the  trend  of  increasing  creep 
rate  with  increasing  silicon  content.  Even  though  two  stress 
levels  are  involved,  only  seven  data  points  exist,  and  silicon 
content  is  only  qualitative  and  not  known  for  the  actual  crept 
samples,  the  general  conclusion  here  is  that  the  data  scatter 
at  1200°C  is  probably  due  to  differences  in  amount  and  distribution 
of  silicon  in  NC-435.  Taking  into  account  the  small  change  in 
creep  rate  expected  due  to  the  small  change  in  stress  (assuming 
the  stress  exponent  to  be  l<n<2),  Figure  5.35  illustrates  that 
the  apparent  difference  in  silicon  content  results  in  roughly 
a factor  of  three  change  in  creep  rate. 

Figure  5.6  in  Section  5.1.2  illustrates  that  at  1350°C 
the  flexural  strengths  of  all  batches  are  more  in  agreement  than 
at  1200°C.  Although  it  may  be  stretching  the  point  and  over- 
interpreting the  data,  the  creep  data  at  1350 °C  shown  in  Figure 
5.35  shows  a similar  effect.  There  is  still  significant  data 
scatter  and  only  two  levels  of  silicon  content  are  involved. 


u 

TEMPERATURE 

#C 

SAMPLE* 

# 

DENSITY 

gn/cc 

CREEP  RATE 
e,  hr*” 

APPLIED 
Stress,  ksi 

RELATIVE  SILICON 
Content** 

0 

1200°C 

41C5 

2.918 

2xl0"5 

35 

HIGH 

1200*C 

41C6 

2.948 

2.1xl0"5 

35 

HIGH 

U 

1200°C 

41C4 

2.928 

Failed  at  t~0 

40 

HIGH 

1200°C 

43C4 

3.021 

6. 4xl0”6 

30 

LOW 

0 

1200°C 

43C5 

3.007 

1.4xl0"5 

30 

LOW 

1200#C 

43C6 

2.983 

5.3xl0’6 

30 

LOW 

1200®C 

44C5 

2.943 

7. 6xl0~6 

36 

MODERATE 

1200#C 

44C6 

2.963 

4. 7xl0~6 

-30 

MODERATE 

u 

1350#C 

41C1 

2.910 

6.3xl0"5 

30 

HIGH 

1 f } 

1350°C 

41C2 

2.914 

3.9x10° 

30 

HIGH 

u 

1350°C 

41C3 

2.932 

3.1x10° 

30 

HIGH 

1350#C 

4301 

3.004 

Failed  at  lQhr. 

30 

LOW 

u 

1350°C 

43C2 

2.972 

Failed  at  lhr. 

30 

LOW 

1350°C 

43C3 

3.002 

Failed  at  9hr. 

20 

LOW 

IJ 

1350#C 

44C1 

2.988 

4.7xl0~5 

20 

MODERATE 

1350°C 

44C2 

2.953 

1.5x10  3 

20 

MODERATE 

i 

n 

1350°C 

44C3 

2.945 

1.7x10  3 

20 

MODERATE 

I, 


r i 

U 


0 

0 


* The  second  digit  refers  to  Batch  Number. 


**  Qualitative  determination  of  silicon  rich  phase  by  x-ray 
diffraction  analysis  conducted  at  AFML  on  samples  of  NC-435 
that  were  not  actual  creep  samples. 
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However,  a more  realistic  stress  exponent  would  be  obtained  at 
1350 #C  (even  though  it  cannot  be  accurately  calculated  due 
to  the  data  scatter),  indicating  a reduction  in  the  affect  of 
silicon  content  on  the  creep  behavior. 

NC-350  reaction  sintered  Si3N4  was  observed  to  be  an  ex- 
tremely creep  resistant  material.  No  creep  deformation  was 
detectable  after  50  hours  exposure  at  1350 °C  under  an  applied 
stress  of  40  ksi.  These  results  are  consistent  with  behavior 
reported  by  Seltzer (67'68)  for  NC-350.  At  1500°C  NC-350  ex- 
hibited steady  state  creep  rates  of  ~1  x 10  ^ hr  * at  25  ksi 

(for  details  refer  to  reference  2) . For  the  nine  samples  tested , 

-6  -1  -5  -1 

measured  creep  rates  varied  from  5 x 10  hr  to  1.9  x 10  hr 
This  factor  of  four  variation  in  creep  rate  could  not  be  corre- 
lated with  sample  density  differences  (2.38  to  2.55  gm/cc). 
Thompson  and  Pratt had  previously  reported  creep  strengths 
being  related  to  porosity  in  reaction  sintered  silicon  nitride 
over  a density  range  2.2  to  2.6  gm/cc. 

Creep  tests  on  KBI  reaction  sintered  Si3ll4  were 
conducted  at  1350°  and  1500°C.  Creep 

strain  vs  time  data  for  three  samples  in  each  of  three  batches 
of  material  tested  at  1350°C  are  presented  in  Figure  5.36  through 
5.38.  Batch  1 material  (Figure  5.36)  was  fairly  well-behaved, 
exhibiting  creep  rates  increasing  from  5 x 10  8 hr  ^ at  3 ksi 
to  1.6  x 10"5  hr-1  at  6 ksi.  It  is  noted  that  roughly  the  same 
creep  rates  were  observed  for  NC-350  RBSN  at  an  applied  stress 
of  25  ksi  at  1500°C.  Batch  2 KBI  material  tested  at  1350#C 
(Figure  5.37)  exhibited  less  predictable  creep  behavior  compared 
to  Batch  1.  It  is  noted  in  Figure  5.37  that  the  highest  creep 
rate  was  obtained  at  only  4.5  ksi.  However,  that  particular 
sample  possessed  the  lowest  density  of  the  three  in  Batch  2. 

That  creep  sample  (K2C7)  was  extracted  from  material  that  was 
originally  a thermal  shock  specimen  (K2TS4) . 
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o K1C7 , 
□ K1C8, 
£ K1C9, 


O K3C7,  5.9  kai.p  » 2.452  gm/cc. 
□ K3C8,  4.6  k8i,p  ■ 2.406  gm/cc 
A K3C9,  2.9  kai.p  - 2.459  gm/cc 
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Figure  5.39  illustrates  that  particular  1 x 2-1/2  inch 

thermal  shock  sample  to  be  the  most  non-uniform  in  x-radioeraphic 

inspection. 


KBI  creep-strain  vs.  time  data  for  the  three  material 
batches  tested  at  1500°C  is  provided  in  Figure  5.40.  Fairly 
consistent  behavior  is  seen,  but  note  the  extremely  low  applied 
stress  levels.  NC-350  exhibited  roughly  the  same  creep  rates 
at  the  same  temperature  for  stresses  a factor  of  twenty  higher. 
Of  the  samples  that  failed  upon  load  application  at  t = 0,  it 
is  significant  to  note  that  sample  K2C10  came  from  the  same 
original  thermal  shock  sample  (K2TS4)  that  was  shown  to  be  non- 
uniform  as  seen  in  the  x-radiograph  presented  in  Figure  5.39. 

In  comparing  the  1350°C-1500°C  creep  strength  of  all  four 
materials,  the  following  general  observations  are  made.  The 
large  creep  deformation  observed  for  NC-132  hot-pressed  Si^N^ 
is  consistent  with  the  large  anelasticity  observed  in  its 
flexural  stress-strain  behavior  at  1350°C  and  1500°C.  This 
has  been  attributed  to  the  presence  of  a significant  impurity 
phase  in  this  material,  which  is  thought  to  result  in  glassy 
grain  boundary  material  which  controls  deformation.  The  good 
sample-to-sample  agreement  in  creep  behavior  for  NC-132  is 
consistent  with  its  uniform  density  and  microstructure.  NC-435, 
siliconized  SiC  exhibited  slightly  improved  creep  resistance 
compared  to  NC-132,  but  exhibited  a large  amount  of  data  scatter 
which  is  thought  to  be  caused  by  variations  in  the  amount  and 
distribution  of  the  silicon  phase  in  this  material.  NC-350 
reaction  sintered  Si^N^  exhibited  excellent  creep  strength. 

This  behavior  is  consistent  with  the  linear  stress-strain 
characteristics  and  superior  strength  of  NC-350  at  1500°C,  which 
result  from  the  lack  of  major  impurities  in  this  material.  The 
KBI  reaction  sintered  material  exhibited  much  lower  creep  re- 
sistance than  NC-350.  This  is  consistent  with  this  materials 
lower  strength,  greater  porosity,  and  generally  lower  micro- 
structural  uniformity  and  homogeneity. 
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K2CR  K2C 


FIGURE  5.39 

X-RADIOGRAPH  SHOWING  NON-UNIFORMITY  IN 
CREEP  SAMPLE  (K2C7)  WHICH  WAS  EXTRACTED 
FROM  SAMPLE  K2TS4  SHOWN. 
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Time , Hours 

FIGURE  5.40  CREEP  STRAIN  vs.  TIME  FOR  KBI  RS  Si,N,  AT  1500 
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5. 3. 2. 2 Deformation  Mechanisms 


The  empirical  relation  for  steady-state  creep  rate  e 


A n -E/kT 
A a e 


indicates  that  creep  is  a thermally  activated  process  being 
characterized  by  a power-law  stress  dependence(if  n>l).  Specific 
knowledge  of  the  stress  exponent  and  activation  energy  are  help- 
ful in  determining  deformation  mechanisms.  However,  this 
information  alone  is  not  sufficient  for  a comprehensive  study; 
microstructural  analysis  of  the  crept  specimens  through  transmission 
and  scanning  electron  microscopy  can  reveal  features  that  suggest 
the  rate-controlling  mechanisms  involved.  Microstructural  analysis 
of  ‘he  deformed  specimens  in  the  current  program  has  not  been 
conducted.  Thus,  at  this  point  all  we  can  use  to  infer 
deformation  mechanisms  are  the  measured  stress  exponent,  n,  and 
the  activation  energy,  E.  However,  Langdon,  et  al^O)  cautions 
that  while  some  generalizations  can  be  made  from  the  stress 
exponent,  the  knowledge  of  the  process  activation  energy  is  of 
limited  usefullness  since  the  various  possible  diffusion  coefficients 
involved  are  not  known  with  a high  degree  of  accuracy.  Add  to  this 
the  current  controversial  nature  of  the  interpretation  of  SEM 
and  TEM  results  of  silicon  nitride  microstructures,  and  the  conclusion 
is  that  the  interpretation  of  rate-controlling  deformation  mechanisms 
is  at  best  speculative. 

Figure  5.41  presents  a log-log  plot  of  the  steady-state 
creep  rate  vs.  applied  stress  for  the  NC-132,  NC-435,  NC-350, 
and  KBI  materials  studied.  Literature  data  (Seltzer^^*  68)  ^ is 
included  for  the  Norton  materials.  The  current  data  for  NC-132 
at  1350°C  is  in  good  agreement  with  the  indicated  representation 
of  creep  behavior  obtained  by  Seltzer  for  the  same  material  at 
1400°C.  Seltzer  reported  a value  of  the  stress  exponent  to  be 
1.6<n<2.0  (slope  in  Figure  5.41).  Values  of  n close  to  2 have 

! I ' ' * t i t . r • . .1 
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CREEP  STRAIN  RATE 


STRESS,  ksi 


• NC-132 , 1370  C 
O NC-132,  1350°C 
□ NC-132,  1500°C 
A NC-435,  1200°C 
▲ NC-435 , 1350°C 
■ NC-350 , 1500°C 
+ KBI  RSSN,  1500°C 
Q KB I RSSN,  1350°C 

— - — Seltzer 
IITRI 


NC-132 

1500°C 


□ □ 

/ 


NC-132,  1400°C 
(n  = 1.6) 

1.8  < n - 2.0 


'NC-435,  1400°C 
(n  * .9) 


/ rul.  4-1.  7 A 9 

f ''•f  ® / / n~ 1 ' 7 

/ KBI  1500°C  / KB1,  1350°c 


f NC-350 
1475°C 
(n  - 1.3 


2.8  3.0  3.2  3.4  3.6  3.8  4.0  4.2  4.4  4.6  4.8  5.0 

Log10  a (stress,  psi) 

FIGURE  5.41  STEADY  STATE  FLEXURAL  CREEP  RATE  VS. 

APPLIED  STRESS  FOR  VARIOUS  SiC  and 
SUN,  MATERIALS. 
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been  interpreted^^  ’ ^ as  an  indication  that  the  deformation 
is  controlled  by  viscoelastic  effects.  Our  current  data  for 
NC-132  at  1500°C  (shown  in  Figure  5.41)  exhibits  a stress 
exponent  n = 1.6,  in  good  agreement  with  Seltzer.  An  Arrhenius 
analysis  of  Seltzer's  data  for  NC-132  at  1400°C  and  the  IITRI 
data  at  1500°C  (at  2 ksi)  yields  an  activation  energy  of 
130  + kcal/mol.  This  is  seen  in  Figure  5.42  where  the  creep 
strain  is  plotted  against  reciprocal  absolute  temperature,  the 

slope  giving  the  activation  energy.  As  discussed  in  the  last 

(2) 

report  y this  value  is  very  close  to  that  obtained  by  Ud  Din  and 
Nicholson^^  (135  kcal/mole)  and  Kossowsky  et  al^^)  (140  kcal/ 
mole)  for  Norton  HS-  130  HP  Si^N^,  but  slightly  lower  than  that 
obtained  by  Seltzer  for  NC-132  (168  kcal/mole).  Kossowsky, 
et  al^^)  have  concluded  from  such  information  that  the  operative 
creep  mechanism  in  hot  pressed  silicon  nitride  is  therefore  grain 
boundary  sliding,  accommodated  by  the  nucleation  and  growth  of 
voids  at  triple  points.  Replica  and  thin  foil  transmission 
electron  microscopy  results  support  this  deformation  hypothesis  ^ 

NC-435,  siliconized  SiC,  was  shown  to  be  more  creep 
resistant  than  NC-132  HP  Si3N^.  Seltzer  found  a value  of  the 
stress  exponent  to  be  n~.9  for  NC-435,  indicating  that  the 
operative  creep  mechanism  is  different  than  in  NC-132.  A stress 
exponent  n ~ 1 (i.e.,  linear  stress  dependence)  is  indicative 
of  a diffusional  process  such  as  Nabarro-Herring  creep.  Our 
current  results  for  NC-435  at  1350°C  are  in  qualitative  agreement 
with  those  of  Seltzer.  However,  the  large  data  scatter  observed, 
which  we  have  attributed  to  variations  in  the  amount  and 
distribution  of  the  silicon  phase,  precluded  the  accurate 
calculation  of  a stress  exponent  or  an  activation  energy. 
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TEMPERATURE  (°C) 


NC- 132 
130+  10  kcal 
mole 


• NC-132, 1500°C,  2ksi 

O NC-132 , 1400°C.  extrapolated 
to  2 ksi(67' 

A KBI  RSSN,  1350 °C 

A KBI  RSSN,  1500°C,  extra- 
polated to  6 ksi 

■ NC-350,  1500°C 

DNC-350,  1475°C,  extra- 
polated to  25  ksi (67) 


KBI  RSSN 

~75  + 10  kcal/mole 


NC-350 
~90  kcal 


mole 


5 x 10' 


X/T  °K  x 104 

FIGURE  5.42  STEADY  STATE  CREEP  RATE  vs. 

RECIPROCAL  ABSOLUTE  TEMPERATURE 


Figure  5.41  clearly  illustrates  the  superior  creep 
resistance  of  NC-350  reaction  sintered  Si^N^,  and  the  poorer 
creep  resistance  of  the  KBI  material.  IITRI’s  current  data 
for  NC-350  at  1500°C  is  in  good  agreement  with  data  obtained 
by  Seltzer  at  1475°C.  Seltzer  obtained  a value  of  stress 
exponent  of  n = 1.3  for  NC-350.  The  current  data  for  KBI 
material  exhibits  much  scatter,  but  stress  exponents  1 . 4<n£  1 . 7 
can  be  computed.  Mangels has  reported  stress  exponents 
in  developmental  reaction  sintered  Si^N^  bodies  ranging  from 
1.2  to  2.0.  Mangels and  Langdon,  et  al^*^  have  suggested 
that  this  value  of  stress  exponent  implies  a diffusion  controlled 
deformation  mechanism  such  as  vacancy  diffusion  at  grain  boundaries, 
or  grain  rearrangement  by  viscous  flow  of  a secondary  grain 
boundary  phase.  The  work  of  Ud  Din  and  Nichoson^^  on  both 
slip-cast  and  injection-molded  reaction  sintered  silicon  nitride 
indicate  a stress  exponent  of  1.4,  less  than  observed  for  hot 
pressed  material.  However,  their  SEM  and  TEM  examination  of  micro- 
structure revealed  the  generation  of  triple  point  voids, 
suggesting  that  the  rate-controlling  mechanism  of  creep  is  grain 
boundary  sliding,  as  in  the  hot-pressed  materials.  Perhaps  the 
stress  exponent  is  nearer  to  unity  in  the  reaction-sintered 
materials  because  any  diffusion  mechanism  that  might  be  contributing 
to  the  deformation  (for  which  n = 1)  is  not  as  overshadowed  by 
the  grain  boundary  sliding  mechanism  (n  = 2)  as  it  is  in  the 
hot-pressed  materials.  This  would  mean  that  the  stress  exponent 
should  be  expected  to  vary  with  purity,  being  closer  to  2.0  for 
impure  materials  like  HPSN,  and  closer  to  1.0  for  pure  materials 
like  RSSN.  Ud  Din  and  Nicholson have  shown  that  the  stress 
exponent  as  well  as  the  creep  rate  do  indeed  increase  with  in- 
creasing impurity  in  reaction  sintered  materials.  NC-350  is  of 
slightly  higher  purity  than  either  the  slip-cast  or  injection 
molded  material  studied  by  Ud  Din  and  Nicholson^^  and  the  creep 
rate  and  stress  exponent  are  slightly  lower  for  NC-350.  NC-350 
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also  contains  a higher  percentage  of  a-Si^N^  than  either  the 
slip- cast  or  injection  molded  material.  Ud  Din  and  Nicholson 
attribute  higher  a-Si^N^  content  to  higher  creep  resistance. 

The  comments  about  higher  purity  and  higher  ot-Si-jN^  content 
resulting  in  lower  creep  rates  may  be  applied  to  the  differences 
shown  in  Figure  5.42  between  NC-350  and  the  KBI  material.  The 
higher  stress  exponent  and  higher  creep  rates  for  the  KBI  material 
may  be  reflective  of  higher  impurity  content.  It  is  already 
known  that  the  KBI  material  has  a higher  B-Si^N^  content,  which 
results  in  lower  creep  resistance.  Of  course,  it  is  not  known 
whether  or  not  this  behavior  for  KBI  could  also  be  due  to  its 
less  well  sintered  condition  as  discussed  in  Section  5.14  (this 
could  also  lead  to  variations  in  o/B  content) . As  illustrated 
in  Figure  5.42,  the  reaction  sintered  materials  (although  exhibiting 
much  scatter)  exhibit  activation  energies  lower  than  the  hot 
pressed  material.  This  is  in  agreement  with  Ud  Din  and  Nicholson. 

At  the  moment  it  is  not  known  whether  this  might  be  due  partially 
to  increased  porosity  or  whether  a different  creep  mechanism 
is  operative. 
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6.0  THERMAL  PROPERTY  RESULTS 


One  of  the  reasons  that  Si^N^  and  SiC  are  prime  candidates 
for  use  in  ceramic  gas  turbine  applications  is  their  low  ex- 
pansion coefficient  (especially  Si^N^)  and  high  strength,  which 
makes  them  less  susceptible  than  many  other  ceramics  to  c?.amae*» 
thermal  gradients.  The  other  properties  that  determine  thermal 
stress  are  thermal  conductivity  and  thermal  diffusivity.  These 
thermophysical  properties  determine  temperature  distribution 
within  a component  and  thus  the  thermal  strain  field.  In  this 
program  the  thermal  expansion  and  thermal  diffusivity  are 
measured  directly.  Thermal  conductivity  is  computed  from  thermal 
diffusivity  and  specific  heat.  Specific  heat  is  not  as  variable 
with  respect  to  impurities  and  microstructure  as  thermal  con- 
ductivity. Thus,  literature  data  for  specific  heat  is  being  used. 
Thermal  shock  resistance  is  being  determined  both  experimentally 
and  analytically  for  all  materials. 

6.1  Thermal  Expansion 

Thermal  expansion  measurements  have  been  completed  for 
NC-132  HP  Si3N4,  NC-435  Si/SiC,  NC-350  RS  Si^  and  KBI  RS  Si^. 
The  apparatus  and  test  conditions  were  described  previously  . 
Current  data  consists  of  N(  l32  (2),  NC-435  (3,4),  and  KBI  (2,3)  . 
All  testing  was  conducted  in  air. 

6.1.1  NC-132  HP  Si3N4 

Figure  6.1  presents  linear  thermal  expansion  behavior  of 
NC-132  batch  2 material  from  25°  to  1500°C  (heating  cycle  only). 

At  1000°C  a 0.37.  expansion  is  shown.  This  agrees  well  with 
previous  data  on  batch  1 material^.  This  was  expected  since 
thermal  expansion  does  not  vary  strongly  with  trace  impurity 
content  and  flaw  distribution,  rather  being  a function  of  solid 
phase  composition  which  for  NC-132  is  quite  uniform. 


^Numbers  in  parentheses  refer  to  batch  number 
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FIGURE  6.1  THERMAL  EXPANSION  BEHAVIOR  OF  NC-132  (2) 
HP  Si3NA 
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Figure  6.2  presents  the  average  coefficient  of  thermal  ex- 
pansion (i.e.,  AL/LAT)  vs.  temperature  for  NC-132  (2).  At 
1000°C  NC-132  (2)  exhibits  an  expansion  coefficient  ~3xlO"^/°C 
in  good  agreement  with  results  for  batch  1.  Good  sample-to- 
sample  agreement  has  been  observed  for  all  NC-132  samples 
tested,  data  at  1000°C  ranging  from  2.95xlO"6/°C  to  3.1xl06/°C. 

It  was  discussed  in  the  last  interim  technical  report 
how  a glassy  surface  layer  was  present  on  the  surface  of  NC-132 
HP-Si^N^  samples  after  thermal  expansion  testing  to  1500°C  in 
air  at  5°C/min.  This  layer  resulted  in  a permanent  increase 
in  length  upon  cooling  to  25 °C  as  shown  in  Figure  6.3.  NC-350 

reaction  sintered  Si^N^  samples  did  not  exhibit  such  behavior. 

No  surface  coating  or  permanent  length  changes  were 
detectable  after  thermal  expansion  testing.  This  leads  to  the 
conclusion  thar" either  the  surface  coating  was  not  simply  the 
result  of  oxidation  of  silicon  nitride,  or  that  the  oxidation 
rate  for  each  material  is  vastly  different.  The  cause  must 
in  either  case  be  somehow  related  to  the  presence  of  the  large 
impurity  phase  in  the  hot  pressed  material.  Two  obvious  possi- 
bilities exist:  1)  the  glassy  surface  material  is  actually 
a grain  boundary  silicate  phase,  existing  on  the  surface  as  a 
result  of  the  larger  expansion  coefficient  of  glassy  silicates 
relative  to  silicon  nitride  and  the  low  viscosity  of  a glassy 
silicate  at  high  temperatures,  or  2)  that  the  glassy  surface 
coating  on  the  hot  pressed  Si^N^  is  the  result  of  interaction 
of  the  impurity  material  at  the  surface  (i.e.,  Mg)  with  the 
oxidative  environment.  The  latter  explanation  appears  to  be 
the  most  plausible  since  the  oxidation  rates  of  hot  pressed 
and  reaction  sintered  Si^N^  do  differ  widely  (several  orders 
of  magnitude),  being  strong  functions  of  impurity  content.  The 
oxide  scale  on  hot  pressed  Si^N^-MgO  materials  has  been  found 

to  be  primarily  enstatite  (MgSiO*)  whereas  the  oxide 

j (79) 

scale  on  reaction  sintered  Si^N^  consisted  mainly  of  cristobalite 
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To  investigate  these  effects  further,  additional  tests  were  con- 
ducted during  the  current  reporting  period. 

Thermal  expansion  tests  were  conducted  up  to  1500 °C  on 
NC-132  hot  pressed  Si^N^  in  environments  consisting  of  varying 
amounts  of  oxygen  in  an  attempt  to  provide  further  empirical  evi- 
dence from  which  to  infer  the  origin  of  the  glassy  surface 
layer.  These  tests  were  conducted  in  dry  nitrogen,  oxygen-free 
nitrogen,  and  in  a nitrogen  -27.  hydrogen  mixture.  The  results 
are  presented  in  Table  6.1,  in  terms  of  the  permanent  length 
changes  as  a function  of  environment.  It  is  observed  that  for 
all  nitrogen  environments,  roughly  the  same  results  were  ob- 
tained as  in  air  environment.  The  magnesia-doped  hot  pressed 
material  tested  in  an  inert  atmosphere  exhibited  a glassy 
coating  similar  to  that  observed  on  air- tested  samples.  It  would 
thus  appear  that  the  glassy  coating  and  resultant  length  in- 
creases observed  for  the  hot  pressed  material  after  1500 °C  ex- 
posure in  the  expansion  test  is  indeed  the  impurity  silicate 
phase  present  at  the  grain  boundaries,  and  is  largely  independent 
of  environment.  This  phase  apparently  exudes  from  the  sample  at 
high  temperature  due  to  its  relatively  low  viscosity  and  thermal 
expansion  mismatch  with  the  Si-jN^  grains. 

This  empirical  evidence  of  the  apparent  extent  of  the 
silicate  impurity  phase  in  MgO-doped  (hot  pressed)  Si^N^  is  en- 
tirely consistent  with  both  the  flexural  strength  and  deformation 
behavior  as  well  as  the  creep  behavior  of  NC-132  relative  to 
that  of  NC-350  reaction  sintered  material.  The  appearance  of 
the  scale  formation  as  a relatively  amorphous  material  (that 
starts  to  develop  a dendritic  crystalline  form  upon  extended 
elevated  temperature  exposure)  lends  credence  to  the  concept  of 
deformation  being  controlled  by  a glassy  grain  boundary  phase  in 
MgO-doped  Si^N^. 
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TABLE  6.1 


COMPARISON  OF  CHANGE  IN  PHYSICAL 
DIMENSIONS  OF  NC-132  HPSN  SAMPLES 
TESTED  FOR  THERMAL  EXPANSION  IN  VARIOUS 
ENVIRONMENTS* 


ENVIRONMENT 


AIR 


DRY  NITROGEN 
99.77.  N2 

(32  ppm  Moisture  Maximum) 


OXYGEN- FREE  NITROGEN 
(max  02  = 0.5  ppm) 


N2  - 27.  H2 


LENGTH  CHANGE  7. 


+ . 07  to  + . 18 


+ .07 


+ .13 


+ .13 


*For  comparison,  NC-350  RS  Si~N,  exhibited  a +.017. 
length  increase  in  air  J 
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It  is  emphasized  here  that  these  results  are  preliminary 
and  certainly  not  conclusive  regarding  the  possible  existence 
of  a glassy  impurity  phase  in  HPSN.  The  conclusions  are  based 
on  the  presence  of  the  glassy  layer  even  after  exposure  in  an 
"oxygen- free"  environment.  However,  Tripp  and  Graham^*^  have 
shown  significant  oxidation  of  HPSN  down  to  10~9  atm.lp02«  Clearly,  more 
basic  work  is  required  to  determine  the  exact  nature  of  the 
impurity  phases  in  HP-Si^N^. 

6.1.3  NC-435  Siliconized  SiC 

The  thermal  expansion  coefficient  of  the  remaining  two 
batches  of  NC-435  siliconized  SiC  is  presented  in  Figures  6.4 
and  6.5.  The  data  are  similar  to  batch  1 behavior  reported 


previous ly 


At  1000 °C  the  coefficient  of  thermal  expansion 


for  NC-435  varies  from  4.2xlO”^/°C  to  4.5x10  *V°C,  the  vari- 
ation probably  due  to  differences  in  silicon  content  as  dis- 
cussed previously.  Norton  product  literature  indicates  a 
coefficient  of  thermal  expansion  at  1100°C  of  4.8x10  ^/°C. 
Present  data  are  lower  than  this  (4.3-4.5x10  *V°C)  probably 
reflecting  the  larger  silicon  content  in  the  present  material. 
Hot  pressed  silicon  carbide  exhibits  an  expansion  coefficient 
of  ~5.1xl0“*V°C  at  1100°C^®^.  The  expansion  coefficient  of 
silicon  is  lower  (2. 33x10-6/ *0)  than  that  of  high  ourity  silicon 
carbide. 

6.1.4  Reaction  Sintered  Si0N,  Materials 


The  coefficient  of  thermal  expansion  for  NC-350  reaction 
sintered  Si3N4  is  2. 8 ±0.  lxlU "6/°C  at  1000°C.  Figure  6.6 
illustrates  the  results  for  a typical  NC-350  batch  of  three 
materials.  In  comparing  this  reaction  sintered  material  with 
NC-132  HP  SijN^,  note  l)the  higher  expansion  coefficient  through 
out  the  temperature  range,  and  2)  nore  rapidly  increasing  coeffi 
cient  of  expansion  above  1350°C  for  the  hot  pressed  material 
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(see  Figure  6.2).  At  1000°C  NC-132  exhibits  an  expansion  of 
3.0  + . 05xl0~6/°C.  Both  of  these  aspects  of  the  thermal  ex- 
pansion are  apparently  related  to  the  silicate  phase  concentrated 
at  the  grain  boundaries  of  the  hot  pressed  material  as  discussed 
above . 


Figures  6.7  through  6.9  present  data  for  the  KBI  reaction 
sintered  material.  The  expansion  coefficient  is  seen  to  vary 
from  2.6  to  3.0xl0'6/°C  at  1000°C.  It  is  more  variable  than  in 
NC-330,  probably  due  to  the  more  hetergeneous  nature  of  the  KBI 
material.  Note  that  KBI  batches  2 and  3 do  not  exhibit  the 
change  at  ~1350°C  as  do  the  other  reaction  sintered  materials. 
The  two  KBI  batches  behave  more  like  the  hot  pressed  material 
in  this  respect.  Since  it  has  been  previously  shown  that  the 
KBI  and  NC-350  materials  had  similar  low  impurity  contents  with 
respect  to  the  hot  pressed  material,  this  might  be  an  indication 
of  differences  in  oxidation  rate  or  surface  area  exposed.  Re- 
call that  the  KBI  material  had  more  open  porosity  than  NC-350. 
However , no  visual  evidence  of  oxidation  was  present  on  the 
KBI  samples  after  testing  (i . e . , of  a magnitude  similar  to  that 
observed  on  the  impure  hot-pressed  materials). 

Figure  6.10  presents  a composite  curve  of  the  thermal  ex- 
pansion coefficient  of  all  materials  tested.  The  three  silicon 
nitride  materials  exhibit  roughly  similar  behavior  when  compared 
to  the  silicon  carbide  material,  which  exhibits  a considerably 
higher  expansion  coefficient.  This  high  thermal  expansion  for 
silicon  carbide  is  a detriment  for  thermal  shock  resistance 
(as  is  its  high  modulus) , but  is  sometimes  offset  by  high 
strength  and  especially  high  thermal  conductivity  (refer  to 
Section  6.3,  Thermal  Shock).  For  thermal  expansion,  the  data 
obtained  show  that  an  error  band  of  +0.  2xlO"^/°C  encompasses 
the  great  majority  of  the  within-and  between -batch  variability 
exhibited  by  NC-132  HPSN,  NC-435  Si/SiC,  NC-350  RSSN,  and  KBI 
RSSN 
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6.2  Thermal  Diffusivlty 

Thermal  diffusivlty  is  being  measured  in  air  at  selected 
temperatures  from  25 °C  to  the  maximum  use  temperature  of  the 
material  (<1500°C) . The  laser  pulse  method  is  employed  and  was 
described  in  the  last  interim  technical  report^.  To  date 
NC-132  HP  Si3N4  and  NC-350  RS  Si-jN^  have  been  measured  up  to 
1500°C,  NC-435  siliconized  SiC  up  to  1400°C,  and  KBI  RS  Si-jN^ 
at  25 °C.  Elevated  temperature  tests  are  being  conducted  at 
temperatures  > 800°C  mainly  because  service  temperatures  are 
in  this  range.  The  thermal  diffusivity  changes  with  temperature 
more  rapidly  at  lower  temperatures,  however.  Literature  data 
are  being  used  to  indicate  behavorial  trends  in  the  inter- 
mediate region  25  <T<  800 °C.  IITRI's  thermal  diffusivity 
facility  covers  the  entire  25°-1500°C  temperature  range, 
however,  and  data  will  be  generated  in  the  future  at  inter- 
mediate temperatures  where  required. 

6.2.1  NC-132  HP  Si3N^ 

Figures  6.11  and  6.12  present  thermal  diffusivity  data 

for  NC-132  HP  Si,N,  from  25°  to  1500°C.  The  thermal  diffusivity 
■*  4 2-1  2-1 

decreases  from  0.16-0.17  cm  sec  at  25°C  to  -.035  cm  sec 

at  1500°C.  Data  scatter  is  about  + 57..  Very  little  anisotropy 

is  observed  for  this  dense  uniform  material.  The  thermal 

diffusivity  is  about  5-107.  lower  parallel  to  the  pressing 

(21 

direction.  As  noted  in  the  previous  interim  technical  report  , 
room  temperature  data  was  slightly  higher  for  samples  with 
densities  slightly  greater  than  theoretical  (density  varies  from 
3.18  to  3.22  gm/cc  for  this  material).  Density  greater  than  3.2 
gm/cc  is  generally  thought  to  be  due  to  tungsten  impurity, 
present  as  particulate  tungsten  carbide. 
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The  present  room  temperature  data  for  NC-132  (-.16-. 17 
cn^sec-1)  are  higher  than  Norton  data^82^  (.13  cm2sec”1)  for 
materials  of  density  close  to  theoretical  (3.2  gm/cc) . However, 
Battelle  data  for  Norton  HS-130  HP  Si3N^  (the  predecessor  to 
NC-132)  generated  on  the  AMMRC/Ford/Westinghouse  program^8^  , 
showed  a batch  variability  in  room  temperature  thermal  diffu- 
sivity  equivalent  to  this  discrepancy.  At  elevated  temperatures 
the  current  NC-132  data  (Figures  6.11  and  6.12)  are  in  good 
agreement  with  Battelle  data  for  HS-130  HP  Si3N^80,82\  The 
range  of  HS-130  data  obtained  on  various  samples  and  billets 
is  illustrated  in  the  figures , and  was  used  to  estimate  behavior 
at  intermidiate  temperature  for  NC-132.  Data  on  HS-130  obtained 
at  AFML  and  reported  by  Wills,  et.al^88^  are  shown  in  Figures 
6.11  and  6.12  to  be  slightly  higher  than  the  Battelle  (HS-130) 
and  IITRI  (NC-132)  data  at  elevated  temperatures,  and  lower  than 
the  Battelle  and  estimated  NC-132  data  at  lower  temperatures. 

From  the  present  thermal  diffusivity  data,  it  is  concluded 
that  NC-132  hot  pressed  SigN^  exhibits  1)  very  uniform  micro- 
structure and  composition,  2)  very  little  anisotropy  with 
respect  to  molding  pressure,  and  3)  thermal  diffusivity  similar 
to  its  predecessor,  HS-130. 

6.2.2  NC-435  Siliconized  SiC 

The  thermal  diffusivity  of  NC-435  siliconized  SiC  is 

presented  in  Figure  6.13.  Data  were  obtained  in  air  at  25°C, 

and  at  various  temperatures  between  800°C  and  1400°C.  Good 

within  batch  and  between  batch  variability  was  observed,  the 

maximum  variation  for  all  samples  being  + 57*.  The  thermal 

- 2 -1 

diffusivity  is  seen  to  decrease  from  -0.7  cm  sec  at  25°C  to 
-.07  cm2sec-1  at  1400°C,  being  considerably  higher,  especially 
at  room  temperature,  for  this  silicon  carbide  as  compared  to  the 
high  density  silicon  nitride. 
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High  temperature  data  for  this  SiC-20  vol.T4  Si  material 

is  in  good  agreement  with  Norton  product  literature''  , as 

shown  in  Figure  6.13.  Behavior  at  intermediate  temperatures 

is  estimated  from  the  known  behavior  of  silicon  metal and 

(32  83} 

hot  pressed  silicon  carbide v ’ , which  would  represent 

upper  and  lower  bounds  for  the  behavior  of  the  Si/SiC  composite. 
It  is  observed  that  the  silicon  phase,  although  present  in  a 
minor  amount  as  a continuous  grain  boundary  phase  (v~.2),  exerts 
a strong  influence  on  the  Si/SiC  thermal  diffusivity  at  low 
temperatures,  particularly  at  25°C  where  the  thermal  diffusivity 
of  silicon  is  roughly  a factor  of  three  greater  than  hot  pressed 
SiC.  At  elevated  temperatures  the  thermal  diffusivity  of  silicon 
decreases  rapidly  to  a value  only  ~30Z  greater  than  that  of 
hot  pressed  SiC.  Thus,  the  thermal  diffusivity  of  Si/SiC 
materials  at  high  temperature  would  not  deviate  as  much  from 


HP  SiC  data. 


The  room  temperature  thermal  diffusivity  of  the  SiC- 
20vol. % Si  material  can  be  computed  by  application  of  the 
appropriate  theoretical  model  for  heterogeneous  two-phase 
systems.  Such  models  involve  the  thermal  conductivity  and 
volume  fraction  of  each  consitituent  phase.  Kingery^®^  has 
applied  the  Eucken  relation  to  Si/SiC  materials  with  some 
degree  of  success.  Application  of  this  relation  (for  thermal 
conductivity)  to  the  case  of  NC-435  (vsi  -•2)  results  in  a 
room  temperature  thermal  diffusivity  about  307,  lower  than 
measured.  The  high  conductivity  silicon  phase  has  a greater 
influence  on  the  thermal  conductivity  of  the  NC-435  Si/SiC 
material  than  predicted  by  the  Eucken  relation.  Other 
theoretical  relations  for  two-phase  heterogeneous  materials, 
such  as  models  by  Maxwell,  Rayleigh,  and  Bruggeman,  are 
discussed  by  Baxley^®^,  and  will  be  applied  to  NC-435. 
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6.2.3  NC-350  RS  Si^ 

The  thermal  diffusivity  of  NC-350  reaction  sintered  Si-jN^ 

is  presented  in  Figure  6.14.  Measurements  were  made  at  25°C, 

(2) 

as  discussed  previously v ' , and  at  elevated  temperatures  > 9006C. 
At  room  temperature,  the  density  variations  between  samples  of 
NC-350  lead  to  +30%  variations  in  thermal  diffusivity,  as 
shown  in  Figure  6.15.  The  high  temperature  results  shown  in 
Figure  6.14  exhibit  the  same  + 30%  variation.  The  average 
density  of  the  present  NC-350  samples  was  p = 2.3  gm/cc.  The 
curve  shown  dotted  in  Figure  6.14  is  representative  of  the 
entire  population  of  samples  tested  on  this  program  (2.08  <_ 
p < 2.53  gm/cc).  The  behavior  at  intermediate  temperatures 
(25  < T < 800 °C)  was  estimated  from  the  shape  of  the  curve  for 
NC-350  obtained  at  AFML  and  reported  by  Wills,  et.al^^  for 
material  with  a density  of  2.6  gm/cc.  Data  for  the  higher 
density  material  are  substantially  higher  than  the  current  data 
for  NC-350.  however,  Norton  data^^  for  NC-350  at  25°C  for  a 
material  with  density  p = 2.4  gm/cc  (derived  from  thermal 
conductivity  and  specific  heat)  is  in  good  agreement  with  the 
current  data  for  materials  of  similar  density. 


Room  temperature  thermal  conductivity  for  each  sample  of 
NC-350  was  computed  from  the  measured  thermal  diffusivity, 
known  density,  and  literature  values for  specific  heat  of 
injection  molded  reaction  sintered  silicon  nitride  (a  = X/pCp). 
Specific  heat  is  a volumetric  property  and  varies  only  slightly 
for  a wide  variety  of  silicon  nitride  materials.  The  results 
were  used  to  determine  the  functional  form  of  the  porosity 
dependency  of  thermal  conductivity  for  NC-350  reaction  sintered 
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FIGURE  6.15  CORRELATION  OF  ROOM  TEMPERATURE 
THERMAL  DIFFUSIVITY  WITH  DENSITY 


The  relative  thermal  conductivity  */XQ  for  NC-350  is 
plotted  as  a function  of  volume  fraction  porosity  in  Figure 
6.16.  Fractional  porosity  is  determined  from  the  relation 


P 


1 


ptheo. 


A value  of  p = 3.2  gm/cc  is  used  as  the  theoretical  density. 
The  term  A is  the  thermal  conductivity  at  density  p.  The 
term  XQ  is  the  thermal  conductivity  at  zero  porosity.  The 

value  of  A was  determined  from  behavior  of  NC-132,  the  dense 

° 2-1 
hot  pressed  material  (a  = .16  cm  sec  , p = 3.18  gm/cc, 

cp  = .159  cal  gm"1  C-1)  , to  be  Ao  = .081  cal  cm"1  sec"1  C"1. 


Figure  6.16  illustrates  the  computed  *^A  vs  P for  NC-350 
at  room  temperature,  compared  with  various  forms  of  the  thermal 
conductivity-porosity  dependency  that  have  been  applied  to 
ceramic  materials  in  the  literature,  Rhee^®^  reviews  most  of 
these  forms.  The  (1-P)/  (1  + P)  relationship  was  applied  to  silicon 

nitride  by  Godfrey  and  May^®).  Rhee  found  that  for  a wide 

variety  of  ceramic  materials,  including  alumina  and  titanium 

nitride,  that  the  porosity  dependency  took  the  form  (1-P)/ 

2 

(1+nP  ),  where  n is  a constant  ranging  0£  n£  14. 

The  present  data  for  porous  NC-350  follows  a similar  relation- 
ship, but  with  14  < n <_  18  , as  shown  in  Figure  6.16.  It  is 
important  to  note  that  for  NC-350  RS  Si^N^  that  thermal  con- 
ductivity is  more  strongly  dependent  on  porosity  than  predicted 
by  the  Franc 1-Kingery-Loeb  correlation  ( A / AQ  = 1-P)  or 
the  Moore  relation  (*/AQ  = (1-P)/ (1+P) ) . 
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George has  found  a wide  spread  in  thermal  diffusivity 
behavior  of  silicon  nitride  ceramics.  Heat  flow  mechanisms 
in  silicon  nitride  are  functions  of  porosity,  high  conductivity 
metal  phases  such  as  silicon,  crystalline  a/B  form,  grain 
morphology,  defect  structure,  etc..  Figure  6.14  illustrates 
that  two  RS  Si^N^  materials  reported  by  George  with  similar 
density  and  phase  composition  to  NC-350  give  similar  thermal 
diffusivity  results.  However,  in  general,  the  mechanisms  of 
heat  flow  in  nitrides  (as  well  as  carbides)  are  not  well  under- 
stood. 

6.2.4  KBI  RS  Si3N4 
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The  thermal  diffusivity  of  the  KBI  reaction  sintered 

material  is  currently  being  measured  at  elevated  tempera- 

(2) 

tures.  At  25°C  it  was  reported  v ' that  all  except 
one  of  the  KBI  samples  gave  thermal  diffusivity  values  much 
higher  than  expected.  Roughly  half  the  samples  exhibited  room 
temperature  thermal  diffusivity  substantially  greater  than  the 
hot  pressed  material,  NC-132.  This  behavior  is  shown  in  Fi|ure 
6.15.  The  reaction  sintered  materials  measured  by  George^®  ^ 
provide  insight  into  what  may  be  the  cause  of  this.  Plotted 
with  the  KBI,  NC-350  and  NC-132  data  in  Figure  6.15  are  data 
from  four  reaction  sintered  materials  measured  by  George.  These 
materials  had  a range  of  density,  phase  composition,  and  silicon 
content.  Although  there  is  not  enough  data  with  controlled 
variations  of  a single  variable  to  be  definitive  it  is  noted  that 
the  two  samples  with  high  thermal  diffusivity (similar  to  the  KBI  data) 
have  high  silicon  content  and/or  high  6-Fi3"4  content.  It  was 
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determined  in  Section  4 that  KBI  RS  Si-jN^  contained  sub- 
stantially more  B-Si^N^  than  NC-350.  It  is  not  known  at 
present  whether  o-or  B-Si^N^  would  be  expected  to  exhibit  the 
higher  thermal  diffusivity.  However,  NC-132  was  shown  in 
Section  4 to  have  a high  B-Si^N^  content,  whereas  a-Si^N^  was 
shown  to  be  the  major  phase  of  NC-350.  This  tends  to  rule  out 
the  possibility  of  a large  difference  in  a/B-Si3N^  content  between 
the  KBI  and  Norton  reaction  sintered  materials  being  the  cause 
of  the  high  thermal  diffusivity  of  the  KBI  material,  since  the 
differences  in  NC-132  and  NC-350  data  are  entirely  explained  by 
porosity. 

However,  it  was  noted  in  Section  6.2.2  that  silicon  has 
a very  high  thermal  diffusivity  at  25 °C.  Examination  of  the 
optical  micrograph  of  the  microstructure  of  KBI  presented  in 
Section  4,  indicates  the  apparent  presence  of  a substan- 
tial amount  of  unreacted  silicon  (light,  highly  reflecting 
phase  in  the  micrograph) . There  presumably  is  enough  "free" 
silicon  metal  in  the  structure  to  significantly  affect  the  room 
temperature  thermal  diffusivity.  This  interpretation  of  the 
microstructure  of  the  KBI  RS  Si^N^  materials  is  consistent  with 
the  interpretation  of  the  fracture  surfaces  discussed  in 
Section  5.1.4.  It  was  concluded  there  that  the  KBI  material 
was  not  as  well  sintered  as  the  NC-350  material.  For  a reaction 
bonded  material  this  would  mean  the  presence  of  unreacted 
silicon  in  the  structure  would  not  be  surprising. 

6.2.5  Comparison  of  Materials 

The  thermal  diffusivity  of  NC-132  HP  Si3N4,  NC-435  Si/SiC 
and  NC-350  RS  Si3N4  materials  are  compared  in  Figure  6.17.  The 
lower  thermal  diffusivity  of  the  reaction  sintered  Si3N4  com- 
pared to  the  hot  pressed  material  is  the  result  of  lower  density. 
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The  very  high  room  temperature  thermal  diffusivity  of  the  si- 
liconized SiC  is  due  to  the  silicon-rich  phase  present.  At 
elevated  temperatures  SiC  is  intrinsically  higher  in  thermal 
diffusivity  than  dense  Si^N^.  Figure  6.18  presents  the  thermal 
conductivity  computed  from  the  measured  thermal  diffusivity. 
Literature  data  for  the  specific  heat  of  reaction  sintered  Si-N, 
and  hot  pressed  SiCv  ' were  used  in  these  computations.  Since 
the  specific  heat  is  roughly  (within  -107.)  about  the  same  for 
all  three  materials  (althought  it  varies  from  -0.16  cal  gm~^c"^ 
at  25°C  to  -.31  cal  gm“*  C~^  at  1500°C) , the  same  comments 
are  made  about  the  relative  differences  in  thermal  conductivity 
as  were  made  for  thermal  diffusivity. 


6. 3 Thermal  Shock 

The  ability  to  withstand  the  thermal  stresses  generated 
during  ignition  and  flameout  is  an  important  consideration  in 
evaluating  potential  ceramic  turbine  materials.  Thermally 
created  stresses  nay  initiate  a fracture  which  can  rasult  in  a 
catastrophic  failure  or  cause  existing  flaws  to 
grow  giving  a gradual  loss  of  strength  and  eventual  loss  of 
component  integrity  (i.e.,  spalling).  However,  the  evaluation 
of  thermal  stress  resistance  is  a complex  task  since  performance 
is  dependent  not  only  on  materials  parameters  but  is  also 
influenced  by  heat  transfer  and  geometric  factors.  Thermal 
shock  theory  and  practice  is  discussed  more  fully  in  Appendix 
C.  Determination  of  the  true  relative  thermal  stress  performance 
of  a group  of  materials  in  this  application  would  require  an 
actual  (or  closely  simulative)  turbine  environment.  One 
approximation  to  this  ideal  is  to  cycle  samples  in  and  out  of 
an  actual  combustor  flame.  Such  an  effort  is  being  conducted 
as  part  of  this  program  by  personnel  at  NASA/Lewis  (see  Section  7 
for  discussion  of  their  results) . Tests  which  provide  a different 
approximation  to  actual  component  environments  may  give  a 
different  appraisal  of  such  component  and  material  performance. 
However,  for  purposes  of  a screening  program  and  so  as  not  to 
duplicate  the  NASA  combustor- slow  air  cool  effort,  it  was  decided 
to  utilize  a water-quench  evaluation  test  on  this  program. 

Results  using  the  water-quench  technique  have  shown  good 
correlation  with  several  thermal  stress  resistance  parameters 
developed  by  Hasselman.  The  data  base  being  generated  during 
this  program  will  also  enable  such  parameters  to  be  calculated 
and  compared  with  experimental  results. 


6.3.1 


>erimental  Procedure 


Monitoring  the  sample  degradation  due  to  thermal  shock 

is  commonly  done  by  measuring  residual  strength  as  a function 

1 1 T RESEARCH  INSTITUTE 


D 

0 


162 


cm  rm 


of  quench  temperature  difference.  However,  the  thermal  stresses 

occurring  during  quenching  may  influence  the  total  spectrum  of 

cracks  or  flaws  in  the  sample  and  not  merely  the  critical  flaw 

responsible  for  failure  during  mechanical  strength  evaluation. 

For  this  reason  it  was  decided  to  evaluate  the  samples  before 

and  after  quenching  using  internal  friction  as  well  as  residual 

strength.  Internal  friction  is  discussed  more  fully  in  Appendix  C 

92 

The  Zener  bandwidth  technique  was  selected  for  these  evaluations 
due  to  its  versatility.  Figure  6.19  shows  a schematic  of  the 
basic  apparatus.  The  sample  is  vibrated  at  or  near  its  flexural 
resonant  frequency.  The  specimen  is  supported  by  two  cotton 
threads  which  are  attached  to  a piezoelectric  driver  and  pickup, 
respectively.  The  threads  transmit  the  signal  to  and  from  the 
sample  and  provide  support  with  negligible  friction  and  damping. 
This  set-up  is  shown  in  Figure  6.20.  Internal  friction  is  then 
calculated  from  the  expression: 


Where  Q ^ = internal  friction 

f = resonant  frequency  (flexural  fundamental) 

Af  = resonant  peak  width  at  half  amplitude 

A large  increase  in  relative  internal  friction  indicates  a change 
in  flaw  structure  due  to  thermal  stresses. 

The  typical  test  sequence  is  to  mark  the  nodal  points  for 
flexural  vibration  (0.224  times  the  length  inward  from  each 
end)  on  the  sample,  place  thread  loops  ~lmm  towards  the  outer 
side  of  these  nodal  points,  determine  the  appropriate  resonant 
frequency  manually,  and  then  scan  the  neighboring  frequency 
range  (usually  + 25  Hz)  at  6 Hz/min  using  a Hewlett-Packard 
spectrum  analyzer  while  the  pickup  amplitude  is  recorded  on  the 
X-Y  plotter.  Figure  6.21  shows  a typical  example  of  such  a curve 
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FIGURE  6.19  SONIC  MODULUS  AND  INTERNAL  FRICTION 
APPARATUS 
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FIGURE  6.20  VIEW  OF  PIEZOELECTRIC  PICKUP  AND 
DRIVER  WITH  SAMPLE  SUSPENDED  ON 
COTTON  THREAD. 
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before  and  after  shock.  Half  peak  widths  to  +0-05  Hz  can  be 

readily  measured.  Slower  frequency  scanning  rates  are  used  for 

very  low  internal  friction  samples  (<5  x 10  ^) . Thread  position 

with  respect  to  the  nodal  points  has  been  shown  to  influence 

93 

internal  friction  values . The  1 mm  separation  is  an  acceptable 
compromise  that  gives  sufficient  amplitude  to  be  detected  without 
distortion  due  to  damping  in  the  support. 

The  internal  friction  apparatus  was  checked  against  a 

Si^N^  sample  supplied  by  Norton  Company  (courtesy  of  J.W.  Lucek 

and  G.Q.  Weaver).  They  measured  1.27  x 10  ^ for  this  sample 

-4 

while  a value  of  1.35  x 10  was  obtained  at  IITRI.  Their 

measurements  were  made  using  electromagnetic  driver  and  pickup 

transducers;  thus  agreement  is  good  considering  the  different 

transducers  and  probable  small  differences  in  support  location. 

An  NBS  standard  reference  A^O^  sample  was  also  purchased  to 

enable  comparison  of  IITRI' s setup  with  established  high  quality 
94 

measurements.  The  resonant  frequency  for  standard  Al-^O^ 
reference  bar  D1  determined  at  NBS  is  2043.27  Hz.  The  value 
measured  at  IITRI  was  2042.8  Hz,  or  a difference  of  0.023%.  These 
measurements  thus  established  the  accuracy  of  the  IITRI  setup 
as  compared  to  a calibrated  standard  material. 

The  thermal  shock  experiments  were  conducted  in  two  stages. 
Initially  one  sample  from  each  batch  of  the  four  materials 
under  study  was  subjected  to  increasing  increments  of  water  quench 
thermal  shock  to  bracket  their  thermal  shock  range.  Approximately 
50°C  intervals  were  used.  Sample  size  was  approximately  70  mm  x 
6 mm  x 3 mm.  All  samples  were  wired  together,  heated  to  a set 
temperature  and  allowed  to  reach  thermal  equilibrium,  and  then 
dropped  into  a room  temperature  water  bath.  After  drying  over- 
night, the  samples'  internal  friction  was  measured  using  the 
apparatus  and  methods  described  above.  Care  was  taken  to  retain 
the  same  sample  orientation  during  all  internal  friction 
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determinations  and  for  each  subsequent  quench.  If  no  signi- 
ficant increase  in  Q ^ was  observed  this  indicated  the  sample's 
flaw  structure  was  unaffected  by  that  quench.  Therefore  the 
sample  was  quenched  again  at  a larger  temperature  difference 
until  a critical  quench,  ATc>  was  found. 

For  the  remaining  samples  quench  conditions  were  selected 
based  on  the  results  obtained  from  the  first  stage.  During 
the  course  of  these  experiments  some  samples  fractured  after  a 
particular  quench.  In  other  cases  many  of  these  fractures 
were  observed  only  after  removal  from  the  drying  oven  and 
during  the  unwrapping  of  the  wire  used  to  hold  the  samples  to- 
gether during  a quench.  Examination  of  only  partially  fractured 
pieces  and  preliminary  observations  by  optical  microscope  on 
several  fractured  surfaces  showed  the  cracks  originating  from 
the  thin  long  edge  of  the  samples  (and  comers  in  a few  instances) 
and  growing  into  the  center,  where  their  path  was  deflected 
lengthwise  by  internal  compressive  stresses.  In  some  samples 
the  cracks  exited  on  the  same  edge  as  they  entered  and  in  others 
they  continued  to  the  end.  These  observations  are  in  agreement 
with  the  stress  states  expected  for  such  a water-bath  quench. 

The  residual  strength  of  all  samples  that  survived  the 
quenching  experiments  without  fracturing  was  determined  upon 
completion  of  internal  friction  measurements. 

6.3.2  Experimental  Results 

Figures  6.22-6.32  show  the  results  of  the  relative  change 
in  internal  friction  (AQ"1/Q0'1,  where  AQ-1  - Q_1  - Qq  ) as  a 
function  of  quench  interval  for  the  four  materials  examined  to 
date.  Q is  the  lowest  Q"1  value  measured,  not  necessarily  the 
room  temperature  value,  on  the  assumption  that  values  higher  than 
Q at  lower  AT  are  spurious.  These  results  showed  relatively 
little  change  until  a critical  level  of  thermal  quench  was 
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Figure  6.24  Relative  change  in  internal  friction  after  thermal  quench  for  NC-435 
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Figure  6. 26 Relative  change  in  internal  friction  after  thermal  quench  for  NC-435 
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Figure  6.27  Relative  change  in  internal  friction  after  thermal  quench  for  NC-350 
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Figure  6.30  Relative  change  in  internal  friction  after  thermal  quench  for  KBI  R^SN 
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Figure  6. 31  Relative  change  in  internal  friction  after  thermal  quench  for  KBI  RSSN 
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Figure  6.32  Relative  change  in  internal  friction  after  thermal  quench  for  KBI  RSSN 
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achieved,  where  upon  they  increased  markedly.  Calculation  of 

-1  -1  95 

AQ  /Qq  made  by  others  has  also  shown  this  large  increase 

(several  hundred  percent).  However,  there  was  also  a pronounced 

initial  decrease  in  Q-^  for  some  first  stage  samples  with 

increasing  AT.  Most  of  these  samples  were  found  to  have  an  error 

in  locating  the  nodal  point  of  vibration,  which  was  corrected  after 

the  first  thermal  shock.  This  probably  increased  the  initial  Q~^ 

values  for  these  samples.  Waehtman  and  Tefft  have  shown  that 

internal  friction  measurements  are  sensitive  to  the  relative 

93 

locations  of  suspension  support  and  true  sample  nodal  points. 

The  initial  Q~^  decrease  for  the  remaining  first  stage  samples 
was  attributed  to  the  use  of  a thermosetting  plastic  for  mounting 
the  original  thermal  shock  samples  during  machining  into  new 
(smaller)  samples.  Although  soluble  in  acetone,  this  material 
was  not  completely  removed  from  the  porous  materials  after 
machining  and  formed  a black-brown  stain  during  subsequent 
thermal  cycles.  Its  presence  may  have  altered  the  damping 
nature  of  the  material  until  sufficient  heating  occurred  to  remove 
it.  Weight  decreases  of  0.05  - 0.57«  were  observed  for  the 
reaction  sintered  materials  over  this  same  AT  range.  The 
cause  of  the  more  modest  decrease  in  initial  Q ^ values  seen 
for  several  later  measurements  has  not  been  definitely  established 
but  may  simply  be  within  experimental  error. 


The  resonant  frequency  showed  a slight  decrease  after 

the  quench  corresponding  to  a marked  increase  in  Q Since 

o 

Young's  modulus  is  proportional  to  f this  indicates  the  thermal 
shock  treatments  decreased  the  modulus  by  only  a few  percent 
compared  to  the  much  larger  change  in  internal  friction. 
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The  results  shown  in  Figures  6.22-6.32  for  the  four 


materials  studied 

as  follows: 

in  Phase  I of  this  program 

may  be  summarized 

MATERIAL 

RANGE  OF  INITIAL 
INTERNAL  FRICTION 

RANGE  OF 

CRITICAL  AT* 

NC-132  HPSN 

1 x 10"4 

600°C 

NC-435  Si/SiC 

1-2  x 10'4 

350  - 400 °C 

NC-350  RSSN 

2-3  x 10-4 

400  - 500°C 

KBI  RSSN 

2-5  x 10~4 

600  - 850°C 

Figure  6.33  shows  the  measured  internal  friction  values 
for  better  performing  examples  of  each  material.  It  is  apparent 
from  these  that  the  RSSN  materials  had  higher  initial  Q~*  values 
due  to  their  porosity.  Qualitatively  there  is  a pronounced  change 

in  Q"1  at  AT  as  expected.  However,  caution  must  be  used  in 

C -1 
attempting  to  interpret  the  absolute  quantitative  values  of  Q 

or  AQ'1  measured.  Values  measured  in  vacuum  or  another  atmosphere 

93 

may  be  different.  No  theory  to  quantitatively  explain  the 
measured  internal  friction  values  in  terms  of  flaw  spectrum  or 
flaw  structure  is  presently  known  to  the  authors.  The 
interpretation  of  the  results  of  the  internal  friction  changes 
shown  in  Figure  6.33  for  each  material  is  developed  in  the 
following  paragraphs. 

Figure  6.34  shows  the  measured  residual  strength  of  the 
individual  quenched  samples  and  compares  them  to  the  average 
room  temperature  flexural  strength  obtained  earlier  in  this 
program  for  these  four  materials . The  dashed  lines  were  drawn 
to  show  the  qualitative  strength  behavior  expected  in  light  of 
this  data  and  the  internal  friction  changes  measured  as  a 
function  of  quench  temperature  difference.  The  qualitative 
nature  of  this  plot  must  be  emphasized  since  strength  determinations 

♦Temperature  quench  interval  after  which  a pronounced  increase 
in  internal  friction  was  observed. 

lit  RESEARCH  INSTITUTE 


181 


o 

o 

r»  /~\ 
u 

o 


<u 

K-J 

o 

< 

o 

c 

<D 

s 

o 

u 

w 

sO 

<u 

s 

H 

*w 

tH 

C*S 

Q 

W 

H 

a) 

Cn 

u 

C 

o 

3 

o 

u 

3 

in 

co 

O 

u 

H 

<u 

H 

a 

O 

a 

M 

0) 

pS 

H 

o 

43 

o 

o 

st 

c 

JZ 

<u 

S 

3 

w 

O' 

£ 

t-4 

t*4 

o 

o 

o 

CO 

z 

o 

CO 

M 

0 £ 

< 

£ 

o 

o 

o 

o 

cs 

cO 

co 

vO 

a a 22 

c/3  cn  w co 
H H H H 

<V|  r-t  CJ  tS 
r-t  St  CO  Ui 


o □ <1  > 


V0I  * 6 NOIXDIHJ  IVN^aiNI 
182 


r'iwruiu.  6.34  STRENGTH  LOSS  OF  THERMALLY  SHOCKED  SAMPLES 


u 


at  intermediate  values  of  AT  were  not  made  in  order  to  conserve 
samples,  and  the  residual  strength  data  that  was  obtained  is 
not  extensive.  It  should  also  be  pointed  out  that  the  critical 
AT  values  indicated  by  internal  friction  should  be  slightly  lower 

than  would  be  found  for  the  critical  AT  using  residual  strength 
since  internal  friction  provides  information  about  the  total  flaw 
spectrum  and  not  just  the  critical  strength  limiting  flaws 
(i.e.,  the  internal  friction  change  detects  crack  initiation, 
whereas  a residual  strength  measurement  detects  resultant  damage 
from  propagation).  For  example,  the  gradual  change  in  strength 
indicated  for  KBI  is  suggested  because  internal  friction  data 
shows  only  a gradual  change  in  its  flaw  structure  (Figure  6.33). 

The  internal  friction  results  shown  in  Figure  6.34  are 

95 

consistent  with  Hasselman's  theory  , which  unified  considerations 
of  thermal  stress  fracture  initiation  and  the  degree  of  component 
or  sample  damage  due  to  subsequent  crack  propagation.  He  showed 
the  materials  parameters  required  to  give  greatest  resistance  to 
thermal  stress  fracture  initiation  (high  strength,  low  Young's 
modulus,  high  thermal  conductivity,  low  thermal  expansion,  etc.) 
are,  in  general,  mutually  exclusive  to  the  requirements  providing 
greatest  resistance  to  crack  propagation  and  component  damage  due 
to  thermal  stresses  (low  strength,  high  modulus,  high  fracture 
surface  energy,  etc.).  These  properties  and  the  behavior  of 
a component  experiencing  thermally  created  stresses  are  influenced 
by  the  initial  size  and  density  of  cracks  or  flaws  (i.e.,  the 
total  flaw  structure  of  the  component) . This  structure  affects  the 
ccoponents  ability  to  store  elastic  thermal  strain  energy,  the  driving 
force  for  crack  propagation.  In  general  a component  resistant 
to  fracture  has  a low  flaw  density,  so  once  a sufficiently  high 
stress  level  (or  level  of  stress  intensity)  is  obtained  in  such 
a material,  its  high  stored  energy  causes  the  most  deleterious 
flaw  to  propagate  catastrophically  or  in  a kinetic  manner. 
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This  occurs  because  the  energy  release  rate  is  greater  than  that 
needed  to  merely  balance  fracture  surface  energy.  Resistance 
to  thermal  stress  damage  means  the  component  is  resistant  to 
crack  propagation,  as  opposed  to  fracture  initiation.  When  cracks 
are  propagated  due  to  thermal  stresses  in  such  a case,  the 
propagation  is  quasi-static  in  that  only  enough  crack  length  is 
generated  to  absorb  the  available  strain  energy.  The  rate  of 
strain  energy  release  is  lower  and  less  strain  energy  is  available 
as  a driving  force  for  propagation.  This  usually  occurs  in  a 
more  highly  flawed  component.  The  above  discussion  shows  why 
internal  friction,  as  a measure  of  total  flaw  structure,  is 
useful  in  monitoring  thermal  shock  performance. 

The  above  ideas  can  be  used  to  explain  the  observed 

behavior  during  the  IITRI  water-quench  experiments.  The  ATc 

value  of  '•600°C  obtained  for  all  seven  samples  of  NC-132  hot 

pressed  SioN,  is  lower  than  that  reported  for  HS-130  or  NC-132 

by  several  other  investigators  (800-1000°C) . However, 

experiments  at  the  Naval  Research  Labs^^  also  show  AT  ~600°C. 

c 

This  discrepancy  may  be  due  to  materials  differences  (impurity 
levels  of  HS-130  and  NC-132  are  different)  or  differences  in 
experimental  procedure  which  would  affect  heat  transfer  conditions 

(especially  sample  size  and  shape  for  a water  quench . 

Several  NC-132  specimens  from  Batch  I showed  slightly  poorer 

performance  (complete  fracture  after  a aT£  quench),  presumably 

because  of  the  lower  average  Batch  I strength  (discussed  pre- 

— 1 —1  H 

viously) . The  sharp  increase  in  AQ  / Qq  and  larger  decrease 

in  strength  for  NC-132  occurs  because  its  initial  flaw  density 
is  low,  its  initial  strength  is  high,  and  hence  a large  amount 
of  elastic  energy  is  stored  in  the  material  at  failure.  This 
energy  is  rapidly  released  by  severe  crack  propagation.  The 
ability  to  store  this  energy  prior  to  failure  accounts  for 
NC-132  having  the  highest  ATC  of  the  materials  tested,  in  terms 
of  resistance  to  thermal  fracture  initiation  (see  below  for 
interpretation  of  KBI  data) . 
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The  determination  of  AT  for  NC-435  Si/SiC  and  for  NC-350 

v 

RSSN  agree  more  closely  with  other  investigations  of  relative 
thermal  shock  resistance  using  the  water  quench  technique. 

The  values  for  NC-435  are  comparable  to  other  reaction  sintered 
SiC,  but  are  approximately  50°C  higher,  possibly  due  to 
variations  in  quantity  of  free  Si  or  particle  size  distribution. 

No  strong  batch  to  batch  variability  is  evident.  The  rapid 
increase  of  AQ  ^/Q0  ^ at  AT£  is  evidence  that  the  thermal  strain 
and  thermal  expansion  mismatch  between  Si  and  SiC  phases  is 
accomodated  up  to  some  critical  AT  without  formation  of  energy 
absorbing  cracks  prior  to  failure.  The  high  thermal  conductivity 
of  both  phases  could  be  partially  responsible  for  this  by 
miminizing  temperature  gradients  and  thus  thermal  stress  gradients, 
even  for  a severe  water  batch  quench. 

The  values  of  AT„  for  NC-350  are  comparable  to  those 

96  99c  n 

reported  elsewhere.  ’ The  range  of  results,  4U0-500  C, 

presumably  occurs  due  to  the  porosity- strength  variations  discussed 
in  Section  5.  The  gradual  increase  in  internal  friction  around 
ATc  suggests  some  quasi-static  (or  non-catastrophic)  crack  propa- 
gation is  occurring  during  quenching.  However,  the  flaw  and 
closed  pore  structure  of  NC-350  RS  Si^N^  is  such  that  enough 

elastic  energy  is  stored  in  the  material  to  cause  catastrophic 

failure  at  some  critical  quench  temperature  difference.  This 

level  of  AT  is  lower  for  NC-350  than  NC-132  because  its  ratio 
c 

of  strength  to  elastic  modulus  is  lower. 

The  above  three  materials  showed  sudden  changes  in 
internal  friction  with  increasing  quench  temperature  difference 
near  ATc,  indicative  of  catastrophic  crack  propagation  (shown 
in  Figure  6.33).  On  the  other  hand,  KBI  RSSN  had  a much  less 
dramatic  change  in  internal  friction  until  a relatively  high 
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value  of  AT  was  reached  (600-850°C) , suggesting  that  quasi-static 
crack  propagation  was  occur ing  in  response  to  the  quench- created 
thermal  stresses.  This  is  reasonable  since  this  material  is 
highly  porous  and  much  of  this  porosity  is  open  and  interconnected. 
Thus  the  samples  have  a high  initial  flaw  density,  are  comparatively 
weak,  and  do  not  store  much  strain  energy  prior  to  crack  propaga- 
tion. On  this  basis  KBI  is  the  least  resistant  to  thermal  fracture 
initiation,  but,  for  similar  AT,  KBI  is  the  most  resistant  to 
further  thermal  stress  damage  because  it  is  sufficiently  flawed 
that  additional  crack  propagation  is  limited.  This  interpretation 
is  further  supported  by  the  available  KBI  residual  strength  data, 
the  fairly  constant  room  temperature  and  elevated  temperature 
static  strength  behavior,  and  the  similar  fracture  surface 
characteristics  for  samples  broken  at  room  temperature  and  at 
elevated  temperatures  (refer  to  Section  5).  These  all  suggest  that 
the  IITRI  KBI  samples  were  not  well  sintered  and  could  not  be 
expected  to  support  significant  thermal  stresses.  It  is  emphasized 
that  the  static  strength  and  overall  microstructure  of  the  KBI  RSSN 
is  so  different  from  the  other  materials  that  different  modes  of 
thermal  stress  response  are  observed  (i.e.,  quasi-static  vs. 
kinetic) . 

The  resistance  to  thermal  stress  initiated  fracture  is 
probably  the  best  thermal  shock  criterion  to  use  in  evaluating  these 
materials  for  turbine  applications.  On  this  basis  NC-132  is  the  most 
promising,  followed  by  NC-350,  NC-435,  and  KBI  RSSN.  Direct 
comparison  between  water-quench  and  air-quench  tests  is  not 
completely  valid,  but  a similar  ranking  is  indicated  by  the 
NASA/Lewis  work  described  in  Section  7. 

6.3.3  Analytical  Results 

Hasselman  and  others  have  proposed  a number  of  thermal 
stress  resistance  parameters  or  merit  indices  to  help  evaluate 
relative  thermal  shock  performance  of  a material^.  The  model 
used  assumes  a uniform  distribution  of  circular  cracks  with 
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non-interacting  stress  fields  and  so  may  not  be  strictly 
applicable  to  a material  like  KBI  RSSN  containing  significant 
interconnected  porosity.  These  parameters  also  depend  on  the 
appropriate  heat  transfer  conditions  and  may  be  divided  into 
those  dealing  with  thermal  failure  initiation  (R,  R' , R' ' ) and 
with  crack  propagation  or  extent  of  thermal  shock  damage 
(R ' ' ' , R' ' ' ' , Rgt) . Several  of  these  are  given  in  Table  6.2. 
Strictly  speaking,  the  Rgt  parameter  is  a "thermal  stress  crack 
stability"  index  that  indicates  the  probability  of  fracture 
initiation  and  subsequent  crack  propagation  of  already  flawed 
or  porous  materials  for  severe  quench  conditions . Several  other 
analytical  parameters  dealing  with  creep  or  radiation  conditions^* 
were  not  appropriate  for  this  study  and  hence  were  not  computed. 
These  parameters  were  calculated  for  the  four  materials  examined 
by  water-quench  experiments  by  using  room  temperature  data 
for  flexural  strength,  flexural  modulus,  fracture  surface  energy, 
and  the  thermal  properties  data  given  in  Table  6.3  and  6.4. 

These  data  have  been  obtained  during  the  course  of  the  current 
program. 

The  results  of  these  calculations  are  shown  in  Table  b.5, 

along  with  the  ATC  obtained  from  the  internal  friction  measurements. 

The  R parameter  is  the  fracture  initiation  factor  most  applicable 

to  a severe  water  quench.  The  R values  calculated  for  NC-132  and 

NC-350  are  in  acceptable  agreement  with  experimentally  determined 

AT  . The  calculated  value  of  R for  NC-435  is  lower  than  the 
c 

experimental  AT.  This  may  be  due  to  its  higher  thermal  conductivity, 
which  would  reduce  the  severity  ot  the  water-quench  and  give 
higher  experimental  results.  Figure  6.35  shows  these  R values 
compared  to  the  trend  line  reported  by  Weaver  et  al^.  The 
dashed  line  is  an  extrapolation  of  their  line  to  include  the 
IITRI  NC-132  datum.  This  representation  suggests  that  even 
the  results  for  NC-435  are  also  in  acceptable  agreement  with 
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their  work  and  that  ATC  * 600°C  for  NC-13^  is  probably  more 

realistic,  for  the  experimental  quench  conditions  used  in  this 

91 

program,  than  the  higher  values  given  by  Weaver  et  al  and  by 
99 

Seaton  . It  is  also  apparent,  as  expected,  that  the  R parameter 
for  thermal  fracture  initiation  does  not  apply  to  the  quasi- 
static crack  propagation  found  in  KBI  RSSN.  Examination  of  R' 
and  R' ' values  calculated  for  the  four  materials  (Table  6.5)  also 
suggests  the  higher  values  of  thermal  conductivity  and  thermal 
diffusivity  of  NC-435  Si/SiC  would  make  that  material  more 
resistant  to  thermal  stress  fracture  under  less  severe  quench 
conditions . 

The  analytical  parameters  R' ' ' and  R' ' ' ' (Table  6.5) 
dealing  with  resistance  to  crack  propagation  damage  resulting  from 
thermal  quenching  clearly  indicate  KBI  RSSN  should  be  the  most 
resistant  to  additional  crack  propagation.  This  is  in  qualitative 
agreement  with  the  gradual  change  in  internal  friction  observed 
for  this  material  as  a function  of  increasing  quench  temperature 
difference.  Weaver  et  al. 96  plotted  percent  loss  in  strength 

(after  a AT  = 475°C  quench)  against  the  R' ' ' ' parameter  for  their 
data  to  obtain  a trend  line  shown  in  Figure  6.36.  The  residual 
strength  data  obtained  on  samples  after  various  AT£  quenches  was 
used  to  determine  percent  loss  of  strength  for  the  IITRI  materials. 
Comparison  of  this  data  with  the  Norton  trend  line  shows  very  poor 
agreement,  probably  because  of  differences  in  AT,  and  the  strength 
loss  was  essentially  independent  of  R"".  As  indicated  in 
Table  6.2,  possibly  better  agreement  would  be  obtained  if  a 
means  of  determining  crack  surface  area  (or  some  other  measure 
of  crack  extent)  after  thermal  shock  was  available.  However,  if 
the  R' ' ' parameter , or  the  minimum  elastic  energy  available  at 
fracture  for  crack  propagation,  is  plotted  against  direct  loss 
of  strength,  as  in  Figure  6.37,  much  better  agreement  is  found, 
except  for  the  KBI  RSSN.  This  could  be  due  to  the  gradual  loss 
of  strength  in  this  material.  Better  fit  with  the  other  materials 
would  have  occurred  if  KBI  RS  Si^N^  exhibited  no  loss  of  strength 
during  quenching.  This  could  have  been  the  case  for  similar 
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quenches:  at  the  AT  = 500°C,  corresponding  to  the  changes  in 
internal  friction  and  strength  for  NC-350  RSSN,  there  was 
little  change  in  internal  friction  for  KBI.  This  implies  the 
flaw  structure  was  basically  unchanged  and  so  it  may  be  that 
there  was  also  little  change  in  strength.  However,  no  residual 
strength  determinations  on  KBI  after  a AT  = 500°C  quench  were 
made  that  would  help  confirm  or  disprove  this. 

The  calculated  values  for  the  thermal  stress  crack 

stability  parameter  Rgt>  are  also  shown  in  Table  6.5.  Since  this 

parameter  combines  the  properties  desired  for  resistance  to  both 

fracture  initiation  and  subsequent  propagation,  it  is  not 

surprising  that  both  NC-132  HPSN  and  KBI  RSSN  show  the  highest 

values  of  the  materials  examined.  Although  the  RgJ.  parameter 

may  be  obtained  from  relations  for  the  relative  crack  propagation 

95 

resistance  of  materials  containing  either  short  or  long  cracks, 

it  is  most  usefully  applied  to  compare  the  performance  of  various 

materials  in  a spall  resistant  application,  such  as  some 

refractories , where  the  components  are  already  purposefully 

91 

precracked  or  pre-flawed.  Thus  it  does  not  really  apply  to 
a dense  material  like  NC-132.  As  noted  above,  NC-132  appears 
to  be  the  most  resistant  to  fracture  initiation  while  KBI  provides 
the  greatest  resistance  to  additional  crack  propagation  of  the 
materials  examined.  Therefore  each  may  be  a useful  material, 
but  for  much  different  applications  and  thermal  stress  environ- 
ments. This  result  also  demonstrates  the  merit  of  examining 
different  types  of  thermal  shock  experiments  and  the  total  range 
of  thermal  stress  resistance  parameters,  rather  than  just  focusing 
on  one,  such  as  Rgt,  which  may  give  misleading  indications  of 
actual  performance. 

Caution  must  also  be  exercised  in  interpreting  these 
parameters  since  data  appropriate  for  their  calculation  is  seldom 
available.  In  this  case  flexural  strength  was  used  instead  of 
tensile  strength,  for  example.  Fracture  surface  energy  may  be 
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sensitive  to  small  changes  in  temperature  at  some  temperature 
level.  Also,  the  materials'  thermal  stress  resistance  may 
be  entirely  different  over  a different  quenching  temperature 
range,  e.g.,  1300-1100°C.  However,  properly  considered,  they 
do  provide  a helpful  guide  to  evaluating  relative  performance 
under  thermal  stress  environments. 
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7.0  MACH  I BURNER  RIG  EVALUATION  AT  NASA -LEWIS 

Evaluation  of  four  of  the  candidate  materials  in  a 

simulated  turbine  environment  was  accomplished  by  NASA-Lewis 

using  a Mach  I burner  rig.  Description  of  this  equipment 

and  testing  procedures  have  been  given  previously , 104) 

In  the  current  study,  samples  of  size  1/4  x 1 x 4 inch, 

which  had  the  1/4x4  inch  surface  machined  to  a 45°  wedge, 

were  employed.  Jet  A fuel  was  used  and  the  Mach  1 velocity 

gases  were  directed  at  the  wedge  surfaces.  The  tests  were 

run  for  250  cycles  or  until  sample  failure.  Cycle  duration 

was  15  minutes  with  the  burner  in  operation  for  12  minutes 

and  a still  air  cool  for  3 minutes.  Four  materials  were 

tested,  Norton  NC-132  HP  Si^N^,  NC-435  siliconized  SiC, 

NC-350  RS  Si^N^,  and  Kawecki-Berylco  RS  Si^N^.  Tests  were 

conducted  at  temperatures  of  2200°,  2300°  , 2400°,  and  2500°F, 

(1204°,  1260°,  1316°,  and  1371°C,  respectively)  with  the 

temperature  measured  at  the  leading  edge  of  the  wedge.  Three 

successive  temperatures  were  used  for  each  material,  the  values 

depending  on  performance.  Results  of  these  tests  are  given 

in  Table  7.1.  Data  presented  include  the  leading  edge 

temperature,  the  number  of  cycles  completed,  and  the  weight 
2 

change  in  mg/ cm  . 

NC-132  HP  Si^N^  survived  all  of  the  tests  to  2500°F  with- 
out failure.  Weight  losses  were  relatively  low.  For  the  NC- 
435  SiC,  considerable  variations  between  batches  was  seen. 

Batch  3 survived  tests  up  to  2400 °F  without  failure  but  only 
one  sample  of  batch  1 and  none  of  batch  4 samples  ran  the 
duration  of  the  test.  These  results  are  consistent  with 
strength  determinations,  since  batch  3 had  the  highest  strength 
at  room  and  elevated  temperatures  (Figure  5.6).  We  have  pre- 
viously discussed  in  Section  5.1.2  how  this  is  the  result  of  the 
amount  of  silicon-rich  phase  present. 
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Batch  2 

Leading  Edge  Temp.°F,  (°C) 
Cycles  Completed 

2 

Weight  Change  (mg/ cm  ) 


Batch  1 

Leading  Edge  Temp.°F  (°C) 
Cycles  Completed 

2 

Weight  Change  (mg /cm  ) 


Batch  3 

Leading  Edge  Temp.°F,  (°C) 
Cycles  Completed 

2 

Weight  Change  (mg/ cm  ) 


Norton  NC-435  SILICONIZED  SiC 


2200  (1204)  2300  (1260)  2400  (1316)  2500  (1371) 


134  (failed) 


19  (failed) 


2200  (1204)  2300  (1260)  2400  (1316)  1 

250  250  250 

+0.35  +0.27  +0.15 


Batch  4 

Leading  Edge  Temp. °F,  (°C) 
Cycles  Completed 

2 

Weight  Change  (mg/ cm  ) 


2200  (1204)  2300  (1260)  | 

126  (failed)  1 (failed)  ! 

125  (failed) I 
2.94 
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TABLE  7.1  (Continued) 


Norton  NC-350  RS  Si3N4 


Batch  1 

Leading  Edge  Temp . °F,  (°C] 
Cycles  Completed 

o 

Weight  Change  (mg/cm  ) 


Batch  2 

Leading  Edge  Temp.°F,(°C) 
Cycles  Completed 

2 

Weight  Change  (mg/ cm  ) 

Batch  3 

Leading  Edge  Temp.°F,(°C) 
Cycles  Completed 

2 

Weight  Change  (mg/ cm  ) 


2300  (1260)  2400  (1316)  2500  (1371) 

250  76(failed)  250 

-0.96  -0.26 


2300  (1260)  2400  (1316)  2500  (1371) 

20  (failed)  250  250 

Installation  +2.99  +2.51 


2300  (1260)  2400  (1316)  2500  (1371) 

250  250  250 

+2.94  4-1.53  +0.73 


Batch  1 


Leading  Edge  Temp.°F(°C) 
Cycles  Completed 

2 

Weight  Change  (mg/cm  ) 


Batch  2 


Leading  Edge  Temp.°F,(°C) 
Cycles  Completed 

2 

Weight  Change  (mg/ cm  ) 


KAWECKI-BERYLCO  RS  Si„N 


2200  (1'204)  I 2300  (1260)  2400  (1316) 

98  (failed)  | 250  1 (failed) 

+5.56 


2200  (1204)  2300  (1260)  2400  (1316) 

20  (failed)  5 (failed)  1 (failed) 


Batch  3 


Leading  Edge  Temp.°F,(°C) 
Cycles  Completed 

2 

Weight  Change  (mg/ cm  ) 


2200  (1204)  £300  (1260)  2400  (1316) 

5 (failed)  5 (failed)  1 (failed) 
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* NOTES: 

1.  Three  samples  per  batch  were  tested. 

2.  The  goal  of  the  testing  was  250  exposure  cycles 
per  sample,  each  sample  being  tested  at  one  of 
three  temperatures. 

3.  A cycle  consisted  of  12  minutes  with  burner  in 
operation,  then  a 3 minute  still-air  cool. 
Sample  reaches  test  temperature  in  ~10  seconds. 


The  NC-350  RS  Si^N^  performed  quite  well  at  temperatures 
to  2500°F.  All  but  two  of  the  samples  completed  the  testing 
cycle.  Of  the  two  failures,  one  was  considered  due  to  in- 
stallation damage.  Weight  change  on  this  material  was  quite 

2 

variable,  ranging  from  -0.96  to  +2.99  mg./cm  . The  good  per- 
formance of  NC-350  can  be  attributed  to  its  uniform  micro- 
structure and  high  strength  at  elevated  temperatures. 

The  Kawecki-Berylco  RS  Si^N^  performed  poorly  in  this  test 
at  temperatures  to  2400°F.  Only  one  sample  completed  the 
test  and  all  but  one  of  the  remaining  samples  failed  early 
in  the  test.  These  results  are  consistent  with  the  strength 
and  microstructural  aspects  of  the  KBI  material  discussed  in 
Section  5.1.4  above  (i.e.  low  strength  and  inhomogeneous 
microstructure).  The  poor  performance  of  the  KBI  material  in 
this  simulative  shock/fatigue/environment  test  is  in  marked 
contrast  to  the  performance  of  KBI  RSSN  in  the  water  quench/ 
internal  friction  test.  This  points  out  the  dangers  of  ranking 
materials  based  on  only  one  type  of  thermal  shock  test.  It 
also  points  out  that  comparing  materials  performance  in  various 
thermal  stress  tests  often  involves  not  only  comparing 
results  per  se,  but  considering  the  applicability  of  each 
material  for  the  test  in  question.  Thus,  results  for  each 
material  and  each  test  must  be  interpreted  individually 
and  individual  failure  mechanisms  must  be  established  to 
compare  results . 


0 

c 

K 

I 


More  detailed  evaluation  of  the  samples  will  be  accom- 
plished by  NASA- Lewis.  This  includes  characterization  of  the 
surface  and  interior  of  the  samples  by  scanning  electron 
microscopy  and  x-ray  diffraction  analysis.  These  data  will 
be  published  by  NASA-Lewis  when  the  work  is  completed,  and 
subsequently  summarized  here. 
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Although  the  interpretation  of  the  results  obtained  on 
NC-132  HP  Si3N4,  NC-435  siliconized  SiC , NC-350  RS  Si^ 
and  KBI  RS  Si^N^  will  be  published  by  NASA-Lewis  at  a later 
date  when  SEM  and  x-ray  diffraction  analyses  are  complete, 
it  is  informative  to  review  previously  published  results  on 
similar  SiC  and  Si^N^  materials ^^5)  We  emphasize  that  this 
review  is  presented  for  informational  purposes  at  this  time, 
and  by  no  means  is  meant  to  apply  in  any  way  except  in  a general 
manner  to  the  specific  data  on  the  four  materials  shown  in 
Table  7.1. 


The  results  reported  previously  by  Sanders  and  Probst 
for  other  hot  pressed  and  sintered  SiC  and  Si^N^  materials 
tested  on  the  NASA-Lewis  Mach  1/Jet  A Fuel  Burner  Rig  provides 
an  indication  of  general  behavioral  trends.  .In  general, 
features  associated  with  good  resistance  to  degradation  in- 
cluded high  density,  fine  grain  size,  small  amounts  of 
microconstituents  and  flaws,  and  a homogeneous  microstructure. 
Hot  pressed  SiC  was  particularily  thermal  fatigue  resistant  in 
this  test,  nainlv  being  attributed  to  its  duplex  fine  grain  size 
distribution.  Most  thermal  fatigue  failures  were  attributed 
to  second  phase  remnants  of  sintering  aids  and  heterogeneous 
microstructures  consisting  of  large  grains  or  large  pores. 
Starting  powder  purity  was  found  to  be  important  as  well  as 
the  overall  porosity  distribution.  For  the  siliconized  SiC 
materials  the  distribution  of  free  silicon  was  important. 
However,  it  was  found  that  the  presence  of  free  silicon  was 
not  inherently  detrimental,  as  long  as  it  was  finely  distri- 
buted and  accompained  by  a fine  grain  SiC  matrix.  Such  a 
material  compared  well  with  the  hot  pressed  SiC. 


Oxidation  rate  is  a prime  consideration  in  thermal 
fatigue  resistance.  For  instance  it  was  found  that  a more 
protective  oxide  layer  formed  on  SiC  than  on  Si^N^  due  to 
its  higher  viscosity  and  therefore  greater  resistance  to 
viscous  flow  in  the  high  velocity  gas  stream.  This  reflects 
differences  in  purity  levels  of  the  various  test  samples. 

Sanders  and  Probst  results  on  hot  pressed  and  reaction 
sintered  forms  of  Si-jN^  are  also  informative.  Hot  pressed 
Si^N^  was  found  to  have  very  good  thermal  fatigue  resistance. 
Such  materials  are  generally  dense,  fine  grained,  and  possess 
uniform  micros tructural  characteristics.  The  controlling 
property  for  thermal  fatigue  in  HPSN  was  found  to  be  purity 
level  and  its  effect  on  oxidation.  Starting  powder  impurities 
and  the  densification  aids  used  have  a great  effect  on  the 
nature  of  the  SiC^  layer  formed. 

The  reaction  sintered  silicon  nitride  materials  were 
not  as  thermal  fatigue  resistant.  They  are  generally  weaker 
and  much  more  porous . The  oxidation  rate  can  be  much  lower 
than  for  hot  pressed  Si-jN^.  Porosity  non-uniformity,  and 
unreacted  silicon  particles  are  often  a problem.  Many  process- 
related  variables  were  found  to  be  detrimental  to  thermal 
fatigue.  For  instance:  a/g  Si3N4  ratio  variations  within  a 
sample,  or  excessive  oxidation  due  to  localized  variations  in 
nitriding  process. 
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In  general,  however,  Sanders  and  Probst  found  that  once 
a ceramic  material  possessed  the  necessary  combination  of 
strength,  elastic  modulus,  thermal  conductivity,  and  thermal 
expansion  to  survive  the  first  thermal  shock  cycle,  then  the 
mechanical  properties  strength,  elastic  modulus,  and  fracture 
toughness  determined  the  ability  to  survive  the  cyclic  thermal 
environment.  Thermal  fatigue  is  a complex  phenomenon  that 
involves  the  environment  and  its  effect  on  microstructure.' 
Subcritical  crack  growth  and  chemomechanical  effects  in  the 
candidate  materials  are  thus  the  determining  factors  in  environ- 
mental thermal  fatigue  resistance.  Failure  can  not  easily 
be  predicted,  since  a multitude  of  failure  modes  are  possible, 
and  often  involve  several  interacting  phenomena. 
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SUMMARY/MATERIALS  OVERVIEW 


Extensive  thermal  and  mechanical  property  data  have  been 
generated  on  four  candidate  turbine  materials,  Norton  NC-132 
hot  pressed  Si^N^,  NC-435  siliconized  SiC,  NC-350  reaction 
sintered  Si^N^,  and  Kawecki-Berylco  reaction  sintered  Si^N^. 

A more  limited  amount  of  information  is  currently  available 
for  six  additional  materials*  Kyocera  hot  pressed  and  sintered 
Si^N^,  General  Electric  and  Carborundum  SiC,  and  various  NRL 
Si^N^-ZrC^  materials. 

Table  8.1  provided  a general  overview  of  the  major 
descriptive  characteristics  of  the  four  materials  extensively 
characterized. ^ Tabular  summary  of  the  data  for  each  material 
is  provided  in  Tables  8.2  - 8.5. 

Norton  NC-132  hot-pressed  Si^N^  is  a fine-grained  (l-2um) 
high  density  (99%)  material  composed  mainly  of  fj-Si^N^  grains. 

It  has  an  extremely  uniform  microstructure  that  results  in 
high  strength  (up  to  120  ksi  in  4 pt.  bending)  and  high  modulus 
at  low  temperatures.  It  exhibits  linear  stress-strain  behavior 
to  1200°C.  Some  apparent  oxidative  healing  of  surface  flaws 
has  been  observed  (but  not  for  extended  oxidative  exposure  where 
degradation  of  strength  would  be  expected).  NC-132  exhibits 
low  thermal  expansion  typical  of  silicon  nitride  and  has  good 
severe-quench  thermal  shock  resistance.  Its  performance  in  a 
simulated  turbine  environment  has  been  very  good.  NC-132  dis- 
advantages are  mainly  the  result  of  its  relatively  high  im- 
purity content  (~3%  oxygen,  ~37.  total  metals)  due  to  the  use 
of  MgO  additions  to  promote  densification  during  hot-pressing. 
These  impurities  segregate  at  the  grain  boundaries,  commonly 
thought  to  be  in  the  form  of  a glassy  magnesium  silicate  phase 
(although  not  always  found  by  electron  microscopy) . This  impurity 
phase  is  responsible  for  the  rapid  degradation  of  strength  and 
loss  of  elasticity  above  1200°C,  poor  high  temperature  creep 
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TABLE  8 4 SOMARY  OF  PROPERTIES  FOR  NOTRON  NC-350  RB  Si^ 


Steady  Stace  Creep  Rate/Applied  Stress  * Average  Bilk  Density  of  Flexural  Strength  Samples 


resistance,  and  high  oxidation  rates.  At  low  temperatures 
the  high  strength,  elasticity,  and  absence  of  significant 
process-related  defects  in  NC-132  HP  Si^N^  make  it  parti- 
cularly sensitive  to  the  distribution  of  small  flaws  - machining 
damage  is  common.  Overall,  however,  the  high  density  and 
uniform  microstructure  of  NC-132  result  in  good  properties 
to  1200°C,  and  generally  predictable  properties  throughout 
the  temperature  range. 


Norton  NC-435  is  a sintered  a - SiC  body  that  is 
densified  by  impregnation  with  ~20  volume  percent  silicon 
metal.  The  resulting  body  is  relatively  dense  (93%)  and  pure 
(~.3w/o  oxygen,  ~ . 6w/o  metal).  The  room  temperature  4 pt. 


bend  strength  of  NC-435  is  moderate  (55  ksi) , and  the  modulus 
is  relatively  high  (50  x 10**  psi)  . The  low  temperature  prop- 


erties of  NC-435  Si/SiC  are  retained  to  1275°C.  This  material 
has  the  high  thermal  conductivity  characteristic  of  silicon 
carbide.  This  is  especially  true  at  room  temperature  due 
to  extremely  high  conductivity  of  the  silicon  phase  near  25 °C. 
NC-435  is  limited  to  use  to  T < 1350°C,  due  to  the  presence 
of  the  silicon  phase  (pure  silicon  melts  at  1410°C) . This 
silicon-rich  phase  is  responsible  for  the  non-linear  stress- 
strain  behavior  at  T > 1200°C.  This  secondary  phase  was 
present  to  a greater  extent  than  expected  (based  on  literature 
information)  and  variation  in  its  amount  and  distribution  is 
thought  to  be  responsible  for  the  wide  variation  in  properties 
observed  (mainly  strength) . NC-435  siliconized  SiC  has 

intermediate  creep  strength  and  high  thermal  expansion. 


Norton  NC-350  reaction  sintered  o — Si-jN^  can  be  char- 
acterized as  pure,  but  relatively  porous  (p~78%)  which  is  char- 
acteristic of  all  reaction  sintered  materials.  However,  the 
micro structure  of  NC-350  is  uniform,  which,  coupled  with  the 
high  purity,  results  in  extremely  high  creep  resistance  and 
very  good  performance  in  the  NASA-Lewis  hot  gas  cyclic  exposure 


1 1 T RESEARCH  INSTITUTE 


214 


test.  NC-350  RS  Si^N^  exhibits  linear  elastic  stress-strain 
behavior  at  1500°C  due  to  its  high  purity.  NC-350  exhibited 
the  highest  strength  and  modulus  at  T>1400°C  of  all  materials 
tested  (i.e.t  NC-132,  NC-435,  and  the  KBI  materials).  Strength 
at  1500°C  is  almost  50  ksi.  At  low  temperatures  the  strength 
and  modulus  of  NC-350  are  low,  being  controlled  by  the  1 high 
porosity.  Failure  generally  occurs  by  extension  of  the  largest 
pores  or  pore  agglomerate  (~10ym).  The  slight  modulus  increase 
with  temperature  is  correlated  inversely  with  density,  and  re- 
sults in  part  due  to  the  large  strength  Increase  between  25° 
and  1200°C  observed.  The  strength  increase  is  believed  to  be 
the  result  of  modification  of  the  pore  structure  during  oxidation 
at  elevated  temperature.  Fractographic  analysis  and  fracture 
mechanics  calculations  are  currently  being  performed  on  NC-350 
to  determine  the  effect  of  oxidation  (e.g.,  porosity  modification 
by  crack  tip  blunting  or  by  a chemical  effect  that  changes  the 
fracture  surface  energy).  NC-350  exhibits  low  thermal  expansion, 
and  a low  thermal  conductivity  compared  to  the  more  dense  hot 
pressed  Si^N^. 

KBI  reaction  sintered  Si^N^  is  -75%  dense  and  consists 
of  approximately  equal  amounts  of  a-  and  B-SijN^  grains.  The 
KBI  material  is  characterized  by  extremely  variable  properties 
and  a nonuniform  microstructure.  Many  large  pores  and  pore 
agglomerates  (~50ym)  were  frequently  observed.  These  aspects 
of  the  microstructure  lead  to  low  strength  and  modulus,  and  poor 
creep  resistance.  No  beneficial  effect  of  oxidation  was  observed 
in  the  high  temperature  4-pt.  bend  tests,  perhaps  due  to  the 
larger  pores  than  in  NC-350.  SEM  views  of  fracture  features 
indicated  that  this  material  was  not  as  well  sintered  as  NC-350 
RS  SijN^.  There  may  be  a large  amount  of  silicon  in  the  structure, 
as  evidenced  in  microstructural  analysis  and  in  the  room 
temperature  thermal  diffusivity  data.  This  material  performed 
poorly  in  the  NASA-Lewis  hot  gas  exposure  tests.  The  overall 
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structure  of  the  KBI  material  resulted  in  behavior  during 
water  quench  thermal  shock  tests  that  would  be  interpreted 
as  quasi-static  in  a Hasselman  thermal  shock  analysis. 

The  KBI  material  tested  thus  far  in  the  program  is 
seen  to  have  much  poorer  properties  than  the  other  materials. 
However,  these  data  are  not  necessarily  representative  of 
the  quality  of  materials  that  KBI  is  capable  of  producing. 

This  is  supported  by  KBI-obtained  property  data  on  their 
product^^^  and  indicates  the  probability  of  atypical  processing 
defects  in  the  current  material.  More  testing  is  planned  by 
IITRI  on  the  KBI  RS  SigN^  when  KBI  processing  operations 
begin  in  the  U.S. 

Figure  8.1  illustrates  the  strength- temperature  behavior 
of  several  other  materials  for  which  characterization  is  not 
as  complete  or  has  just  begin.  The  General  Electric  boron- 
doped  sintered  8-SiC  is  ~957.  dense.  The  Carborundum  sintered 
a-SiC  is  987.  dense,  but  is  of  lower  strength.  The  Kyocera 
hot  pressed  SigN^,  SN-3,  has  lower  density  (96%)  than  NC-132, 
and  also  lower  room  temperature  strength.  The  hot  pressed 
Kyocera  material  losses  its  low  temperature  strength  and 
elastic  properties  at  ~750°C,  an  indication  that  less  pure 
precursor  powders  and/or  significant , oxide  densification 
aids  are  used.  The  two  pressureless  sintered  Kyocera  silicon 
nitride  materials  exhibit  higher  room  temperature  strength 
than  the  reaction  bonded  materials,  primarily  due  to  higher 
density  (88-947.  dense).  However,  these  materials  also  ex- 
hibit a rapid  decrease  in  strength  and  elasiticity  at  T > 750°C, 
indicating  the  affect  of  the  use  of  lar~e  amounts  of  oxide 
sintering  aids. 
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FIGURE  8.1  REPRESENTATIVE  4-POINT  FLEXURAL  STRENGTH  OF  Si 
AND  SiC  MATERIALS 


It  is  observed  that  the  properties  of  each  material  are 
related  to  1)  secondary  phases,  2)  purity,  3)  microstructure, 

4)  effect  of  environment,  5)  phase  stability,  and  6)  flaw 
distribution.  Current  conventional  NDE  techniques  are  not 
necessarily  able  to  predict  the  properties  of  candidate 
ceramic  materials.  Only  qualitative  indications  are  generally 
possible.  However,  new  NDE  techniques  are  currently  emerging. 

V 

It  is  seen  that  available  Si-jN^  and  SiC  represent  a family 


of  materials  with  wide  performance  characteristics.  Choice  of 


material  to  be /used  in  a particular  high  performance  application 


depends  on  the  operative  design  criteria,  cost,  availability, 


etc.  However , >.o  summarize  the  main  applicability  of  the 
materials  studied  most  comprehensively  to  date:  1)  NC-132 
HP  Si^N^  would  be  used  where  high  strength  (short  duration  at 
elevated  temperatures)  and  good  fatigue  resistance  in  the  turbine 
atmosphere  are  required,  2)  NC-350  RS  Si^N^  would  be  utilized 
where  superior  strength  and  creep  resistance  above  1400°C  are 
required,  3)  and  NC-435  Si/SiC  would  be  employed  where  higher 
thermal  conductivity  or  higher  elastic  modulus  were  required. 
Silicon  carbide  materials  in  hot  pressed  or  high  density 
sintered  forms  would  find  application  at  temperatures  greater 
than  1500°C , which  is  about  the  limit  for  high  purity  silicon 
nitride. j^It  is  emphasized  that  these  comments  merely  over- 
view the  possible  applications  and  that  actual  material 
selection  for  specific  turbine  components  involves  many 
trade-offs.^  For  instance,  high  cost  could  limit  the  usefulness 
of  hot-pressed  Si^N^  even  though  it  has  good  properties  at 
T<1200°C.  Also,  reaction  sintered  Si^N^  could  conceivably 
be  used  below  1200°C  when  low  cost  (from  near-net  shape 
fabricability)  is  a criterion  and  low  strength  is  acceptable. 


LI 


u 


1 1 T RESEARCH  INSTITUTE 


218 


9.0  CLOSURE 


Available  Si^N^  and  SiC  materials  represent  a large 
family  of  materials  with  wide  property  variation  and 
broad  response  characteristics  to  interaction  with  severe 
environments . Even  though  some  are  termed  commercially 
available  they  are  in  a continual  state  of  development  and 
change.  In  general,  property  differences  between  materials 
of  a given  type  are  directly  related  to:  1)  existence  of 
secondary  phases;  2)  purity;  3)  micros tructural  aspects 
such  as  pore  size  and  distribution,  etc. , 4)  relative  oxi- 
dation rates,  5)  phase  stability,  and  6)  flaw  distribution. 

For  such  materials  it  is  thus  imperative  that  adequate  pre- 
and  post-test  characterization  be  conducted  for  microstructure, 
density  and  porosity  distribution,  secondary  phases,  crys- 
talline form,  impurity  (especially  metals  and  oxygen) , surface 
finish,  etc.  The  necessity  of  post-test  fractographic  failure 
mode  analysis  using  the  scanning  electron  microscope  cannot 
be  over-emphasized . 

For  silicon-base  ceramic  materials  to  be  successful  as 
high  temperature  structural  components  in  advanced  engine 
applications,  comprehensive  characterization  and  properties 
evaluation  must  be  conducted  using  controlled  techniques  and 
test  parameters.  Interpretation  of  behavior  should  then  be 
made  with  respect  to  microstructure,  purity,  flaw  distribution, 
secondary  phases,  and  environmental  exposure.  Mechanisms  of 
fracture  and  crack  propagation  should  be  determined  by  the 
use  of  fractography  and  fracture  mechanics  analysis.  Statis- 
tical analysis  and  data  correlation  permit  more  accurate  life 
prediction.  Process -related  effects  should  be  documented  for 
future  materials  improvement.  The  realization  of  the  existence 
of  subcritical  crack  growth  phenomena  in  the  candidate  materials 
means  that  environmental  effects  must  be  studied  in  detail. 


Simulated  gas  turbine  exposure  through  hot  gas  cyclic  exposure 
is  perhaps  the  final  test  of  a materials  candidacy  for  gas 
turbine  application.  Finally  all  of  this  information  on 
materials  behavior  must  ultimately  be  made  available  to  de- 
signers in  a format  that  can  be  readily  utilized  in  component 
design. 


All  of  these  aspects  are  elements  of  our  current  program 
with  AFML,  some  to  a greater  and  some  to  a lesser  extent.  In 
gas  turbine  applications,  the  optimum  material  to  be  used  de- 
pends on  the  particular  design  criteria  that  apply  to  each 
component.  Since  the  properties  and  behavioral  characteristics 
of  the  candidate  materials  cover  such  a wide  range,  optimum 
component  design  depends  strongly  on  comprehensive  materials 
characterization.  A program  like  the  current  one  thus  becomes 
a major  element,  perhaps  the  initial  one,  in  a series  of  tasks 
that  must  be  accomplished  for  ceramic  turbines  to  become  a 
reality  in  the  near  future. 
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Table  B-l 


I 


n 

11 

0 

(i  • 

FLEXURAL  TEST 

RESULTS:  NC-132(1). 

25*C 

Bulk 

Density 

Strength 

Strain-To-Failure 

.i 

Elastic  Modulus 

Sample 

(wn/cc) 

(Pal) 

(in/ in  x 10 

(10b  psi) 

11F1 

3.175 

75,840 

1.66 

48.2 

11F2 

3.177 

102,900 

2.17 

49.7 

11F3 

3.177 

71,720 

1.49 

48.3 

11F4 

3.178 

88,700 

1.77 

49.4 

11F5 

3.179 

103,900 

2.06 

49.1 

11F6 

3.170 

88.040 

2.03 

43.0 

11F7 

3.172 

92,330 

1.90 

49.7 

HF8 

3.180 

68,250 

1.51 

48.1 

11F9 

3.172 

99,580 

2.02 

49.4 

11F10 

3.177 

85,010 

1.70 

49.1 

U 

11F11 

3.179 

127,100 

11F12 

3.180 

75 , 840 

— 

11F13 

3.174 

90,680 

— 

11F14 

3.180 

56,050 

— 

li  11F15* 

3.176 

118,700 

— 

n 11F16* 

3.184 

97,100 

— 

11F17* 

3.179 

103,700 

— 

i-j  Mean 

3.177 

90,908 

1.83 

48.4 

li  Std.  Dev. 

18,153 

0.24* 

2.0 

Max. 

127,100 

2.17 

49.7 

Min. 

56,050 

1.49 

43.0 

AVERAGE  SURFACE  FINISH  - 

12  microinches  RMS 

. AVERAGE  BULK  DENSITY 

3.18  gm/cnr 

AVERAGE  THEO. 

DENSITY  - 

99.3% 

AVERAGE  TOTAL  POROSITY  - 

.77. 

D 


^Measured  at  Norton  Company 


11F18 

3.180 

80,350 

1.87 

39.4 

11F19 

3. 173 

81,330 

1.87 

43.0 

11F20 

3.176 

89,300 

2.17 

42.9 

11F21 

3.176 

97,820 

2.23 

44.0 

11F22 

3.185 

89,170 

2.10 

42.2 

11F23 

3.185 

96,870 

2.25 

42.8 

11F24 

3.176 

94,270 

2.16 

43.6 

11F25 

3.182 

92,330 

2.08 

44.  7 

11F26 

3.175 

75,840 

1.83 

41.2 

11F27 

3.179 

84,630 

1.92 

44.1 

Mean 

3.179 

88,190 

2.05 

42.8 

Std.  Dev. 

7,439 

0.16 

1.6 

Max. 

97,820 

2.25 

44.7 

Min. 

75,840 

1.83 

39.4 

AVERAGE 

AVERAGE 

AVERAGE 

AVERAGE 

SURFACE  FINISH  = 

BULK  DENSITY 

THEO.  DENSITY  - 

TOTAL  POROSITY  = 

11.6  micro  inches  RMS 

O 

3 . 18  gm/cm 

99.3% 

.7% 
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Table  B-3 


FLEXURAL  TEST  RESULTS:  NC-132(1),  1350°C 


Sample 


Bulk 

Density 


Density  Strength 


Strain-To-Failure 


fin/ in  x 10 


Secant  Modulus 

/ 1 j \ 


11F28 

3.168 

57,060 

3.13 

32.8 

11F29 

3.175 

61,650 

3.69 

31.5 

11F30 

3.176 

61,000 

3.32 

31.4 

11F31 

3.180 

68,250 

3.48 

34.5 

11F32 

3.172 

64,300 

3.00 

40.7 

11F33 

3.180 

54,400 

3.50 

23.5 

11F34 

3.178 

60,450 

4.03 

26.5 

11F35 

3.185 

53,860 

3.01 

30.7 

11F36 

3.182 

53,940 

3.00 

28.7 

11F37 

3.179 

53,310 

3.20 

28.0 

11F38 

3.182 

56,600 

3.01 

31.1 

Mean 

3.178 

58,620 

3.31 

30.8 

Std.  Dev. 

4,900 

.34 

4.7 

Max. 

68,250 

4.03 

40.7 

Min. 

53,310 

3.00 

23.5 

AVERAGE  SURFACE  FINISH  = 

12  microinches  RMS 

AVERAGE  BULK  DENSITY  - 

3 e 18  gm/  cm^ 

AVERAGE  THEO. 

DENSITY  - 

99.37. 

AVERAGE  TOTAL 

POROSITY  - 

.77. 
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Table  B-4 


FLEXURAL  TEST  RESULTS:  NC-132Q).  15QOC0 


Sample 

Bulk 

Density 

.(SP/.g.c). 

Strength 

(Psi) 

Strain-To-7ailure 
(in/in  x 10*"*) 

Secant  Modulus 
(106  psi) 

11F39 

3.177 

25,280 

6.18 

5.3 

11F40* 

3. 174 

11F41** 

3. 171 

11F42 

3. 181 

24,730 

6.94 

6.  5 

11F43 

3.178 

30,820 

6.74 

11.0 

11F44 

3.179 

30,780 

6.16 

7.  9 

11F45 

3.184 

31,370 

6.27 

9.0 

11F46 

3.172 

25,230 

5.66 

7.  3 

11F47 

3.183 

28,620 

6.05 

7.7 

11F48 

3.185 

25,280 

5.43 

6.8 

Mean 

3.178  27,770 

6.18 

7.7 

Std.  Dev. 

2,920 

.50 

1.7 

Max. 

31,370 

6.94 

11.0 

Min. 

24,730 

5.43 

5.3 

* Data  obtai-.Cv.  juuged  invalid  due  to  fixture  jamming 

**  Data  obtained  judged  invalid  due  to  temperature  instability. 


AVERAGE  SURFACE  FINISH 
AVERAGE  BULK  DENSITY 
AVERAGE  THEO.  DENSITY 
AVERAGE  TOTAL  POROSITY 


12  microinches  RMS 

O 

3.18  gm/cnT 
99.47. 

.67. 
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FLEXURAL  TEST  RESULTS:  NC-132(2).  25°C 


bUlK 

Density 
Sample  (gm/cc) 


Elastic  Modulus 


in/ in  x 10 


12F11 

12F12 

12F13 

12F14 

12F15 

12F16 

12F17 

12F18 

12F19 

12F20 


Mean 


AVERAGE  SURFACE  FINISH 
AVERAGE  BULK  DENSITY 
AVERAGE  THEO.  DENSITY 
AVERAGE  TOTAL  POROSITY 


11  microinches  RMS 
3.19  gm/cm^ 

99.6% 


Table  B-6 

FLEXURAL  TEST  RESULTS:  NC-132(2),  1200°C 


Sample 

Bulk 

Density 

(gn/cc) 

Strength 

(psi) 

Strain-To-Failure 
(in/in  x 10~3) 

Secant  Modulus 
CIO6  psi) 

12F1 

3.180 

78,840 

2.10 

40.2 

12F2 

3.179 

76,680 

2.14 

34.8 

12F3 

3.172 

79,410 

2.13 

38.0 

12F4 

3.187 

73,460 

2.07 

36.8 

12F5 

3.175 

85,470 

2.62 

31.9 

12F6 

3.185 

77,620 

2.03 

40.5 

12F7 

3.174 

77,520 

1.93 

43.5 

12F8 

3.184 

75,200 

1.79 

41.7 

12F9 

3.185 

87,510 

2.28 

40.5 

12F10 

3.181 

80,680 

2.01 

43.8 

Mean 

3.180 

79,240 

2.11 

39.2 

Std.  Dev. 

4,360 

0.22 

3.8 

Max. 

87,510 

2.62 

43.8 

Min. 

73,460 

1.79 

31.9 

AVERAGE  SURFACE  FINISH  - 11  microinches  RMS 

AVERAGE  BULK  DENSITY  =3.18  gm/cm3 
AVERAGE  THEO.  DENSITY  - 99.4% 

AVERAGE  TOTAL  POROSITY  = .6% 

0 
0 

' 

j 
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Table  B-7 

FLEXURAL  TEST  RESULTS:  NC-132(2),  1350°C 


Sample 

Bulk 

Density 

(gm/cc) 

Strength 

(psi) 

Strain-To-Failure 
(in/in  x 10*^) 

Secant  Modulus 
(106  psi) 

12F21 

3.177 

45,500 

4.58 

21.3 

12F22 

3. 185 

48,670 

2.96 

27.3 

12F23 

3.177 

50,360 

4.06 

25.1 

12F24 

3.187 

46,970 

3.20 

25.4 

12F25 

3.179 

49,260 

4.05 

20.6 

12F26 

3.184 

50,670 

5.25 

20.0 

12F27 

3.196 

48,980 

4.75 

23.0 

12F28 

3.190 

46,970 

4.22 

21.3 

12F29 

3.186 

50,500 

4.92 

21.2 

12F30 

3.180 

50,080 

4.23 

22.0 

Mean 

3.184 

48,800 

4.22 

22.7 

Std.  Dev. 

770 

. 72 

2.4 

Max. 

50,670 

5.25 

27.3 

Min. 

45,500 

2.96 

20.0 

AVERAGE 

AVERAGE 

AVERAGE 

SURFACE  FINISH  - 

BULK  DENSITY 

THEO.  DENSITY  = 

11  microinches  RMS 
3.18  gm/cm^ 

99.57. 

AVERAGE  TOTAL  POROSITY  = .57. 


FLEXURAL  TEST  RESULTS:  NC-132(2) , 1500°C 


Bulk 
Dens it 


Strain-To-Failure 


Secant  Modulus 


12F31 

12F32 

12F33 

12F34 

12F35 

12F36 

12F37 

12F38 

12F39 

12F40 


Mean 


AVERAGE  SURFACE  FINISH 
AVERAGE  BULK  DENSITY 
AVERAGE  THEO.  DENSITY 
AVERAGE  TOTAL  POROSITY 
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TABLE  B-9 


FLEXURAL  TEST  RESULTS:  HC-435  (1),  25°C 


Bulk 
Density 
Sample  (gm/cc) 


Strain -To -Failure 
(in/inxlO  3) 


Elastic  Modulus 


41F1 

41F2 

41F3 

41F4 

41F5 

41F41 

41F42 

41F43 

41F44 

41F45 


Mean 


AVERAGE  SURFACE  FINISH  - 14  microinches  RMS 

AVERAGE  BULK  DENSITY  = 2.93  gm/cm3 

AVERAGE  THEO.  DENSITY  = 91.1% 

AVERAGE  TOTAL  POROSITY  - 8.9% 

AVERAGE  OPEN  POROSITY  (meas.)  - 1.5% 

AVERAGE  CLOSED  POROSITY  (by  difference)  - 7.4% 


1 


Table  B-10 


FLEXURAL  TEST  RESULTS:  NC-435(1).  1200 °C 


Sample 


Bulk 

Density 

(gm/cc) 


Strength 


Strain-To-Failure 
/ i-  — in"3\ 


^in/in  x 10 


Secant  Modulus 
(106  psi) 


41F46 

2.939 

52,640 

1.34 

45.0 

41F47 

2.956 

70,560 

1.93 

50.4 

41F48 

2.928 

40,320 

0.98 

40.3 

41F6 

2.945 

60,480 

1.55 

45.8 

41F7 

2.917 

64,000 

1.96 

45.1 

41F8 

2.935 

58,340 

1.40 

49.4 

41F9 

2.937 

49,280 

1.13 

46.5 

41F10 

2.938 

56,380 

1.43 

49.5 

41F11 

2.948 

64,120 

1.63 

45.8 

41F12 

2.933 

57,920 

1.51 

46.0 

Mean 

2.938 

57,400 

1.49 

46.4 

Std.  Dev. 

8,520 

.31 

2.9 

Max. 

70,560 

1.96 

50.4 

Min. 

40,320 

.98 

40.3 

AVERAGE 

SURFACE  FINISH  = 

16  microinches  RMS 

• 

AVERAGE 

BULK  DENSITY  - 

2.94  gm/cnr 

AVERAGE 

THEO. 

DENSITY  « 

91.37. 

AVERAGE  TOTAL 

POROSITY  - 

8.77. 

AVERAGE  OPEN  POROSITY  (meas.)  - 1.27, 

AVERAGE 

CLOSED  POROSITY  (by  difference) 

- 7.57. 

" ' ^ 


Table  B-ll 


FLEXURAL  TEST  RESULTS:  NC-435(1),  1275°C 


Sample 

Bulk 

Density 

(gm/cc) 

Strength 

(psi) 

Strain-To-Failure 
(in/ in  x 10”^) 

Secant  Modulus 
(106  psi) 

41F23 

2.928 

51,040 

1.40 

43.3 

41F24 

2.915 

58,900 

1.74 

41.5 

41F25 

2.922 

63,340 

1.85 

42.8 

41F26 

2.938 

46,480 

1.35 

37.5 

41F27 

2.915 

54,880 

1.85 

41.6 

41F28 

2.917 

70,560 

2.90 

37.9 

41F29 

2.923 

65,980 

2.34 

39.8 

41F30 

2.911 

73,250 

3.10 

39.4 

41F31 

2.936 

49,280 

1.14 

42.5 

41F32 

2.917 

44,450 

1.15 

39.7 

Mean 

2.922 

57,820 

1.88 

40.6 

Std.  Dev. 

10 , 180 

.70 

2.0 

Max. 

73,250 

3.10 

43.3 

Min. 

44,450 

1.14 

37.5 

AVERAGE  SURFACE  FINISH  “ 

AVERAGE  BULK  DENSITY 
AVERAGE  THEO.  DENSITY  - 
AVERAGE  TOTAL  POROSITY  - 
AVERAGE  OPEN  POROSITY  (meas.)  - 1.3% 

AVERAGE  CLOSED  POROSITY  (by  difference)  ■ 7.9% 


13  microinches  RMS 
2.92  gm/cm^ 

90.8% 

9.2% 
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Table  B-12 


Sample 

FLEXURAL  TEST 

RESULTS:  NC-435C1).  1350 

1C 

Bulk 

Density 

(gm/cc) 

Strength 

ipsi) 

Strain-To-Failure 
(in/in  x 10”3) 

Secant  Modulus 
CIO6  psi) 

41F13 

2.951 

46,750 

1.15 

34.4 

41F14 

2.914 

42,290 

1.32 

34.1 

41F15 

2.943 

49,420 

1.57 

36.3 

41F16 

2.908 

45 , 840 

1.64 

31.4 

41F17 

2.931 

38,680 

1.16 

35.2 

41F18 

2.920 

28,380 

.81 

75.5 

41F19 

2.919 

45,780 

1.48 

38.2 

41F20 

2.952 

51,920 

1.68 

40.6 

41F21 

2.928 

41,740 

1.23 

40.1 

41F22 

2.926 

50,360 

1.85 

35.0 

Mean 

2.929 

44,120 

1.39 

36.1 

Std.  Dev. 

6,890 

.31 

2.8 

Max. 

51,920 

1.85 

40.6 

Min. 

28,380 

.81 

31.4 

AVERAGE  SURFACE  FINISH  - 
AVERAGE  BULK  DENSITY  - 
AVERAGE  THEO.  DENSITY  - 
AVERAGE  TOTAL  POROSITY  - 
AVERAGE  OPEN  POROSITY  (meas.)  - 1.7% 

AVERAGE  CLOSED  POROSITY  (by  difference) 


13  microinches  RMS 
2.93  gm/cm3 
91.17. 

9.07. 


7.37. 
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TABLE  B-13 


I 

: 


Std.  Dev. 


Max. 


FLEXURAL  TEST  RESULTS;  NC-435 


25°C 


Bulk 

Density 

Strength 

Sample 

..(PS1)-. 

43F11 

2.995 

78,230 

43F12 

2.994 

82,320 

43F13 

3.012 

61,490 

43F14 

2.972 

55,100 

43F15 

2.999 

59,900 

43F16 

2.989 

80,130 

43F17 

3.007 

62,750 

43F18 

3.005 

68,490 

43F19 

3.005 

58,930 

43F20 

2.992 

52,410 

Mean 

2.997 

65,980 

Elastic  Modulus 

/ 1 r\6 j\ 


50.7 

48.4 

50.5 

50.1 

51.6 

48.2 

48.4 

49.4 

48.7 
48.9 


Strain-To-Failure 
/i-  / j 1 n"3\ 


[ln/inxlO 

1.51 

1.66 

1.19 

1.10 

1.16 

1.60 

1.48 

1.35 

1.19 

1.06 


10,770 

82,320 

52,410 


49.5 

1.2 

51.6 
48.2 


1.33 

0.22 

1.66 

1.06 


AVERAGE  SURFACE  FINISH  « 3 microinches  RMS 

AVERAGE  BULK  DENSITY  - 3.00  gm/cm3 
AVERAGE  THEO.  DENSITY  - 93. 2X 
AVERAGE  TOTAL  POROSITY  - 6*8% 

AVERAGE  OPEN  POROSITY  (meas.)  - .6% 

AVERAGE  CLOSED  POROSITY  (by  difference)  - 6.3% 
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Table  B-14 


FLEXURAL  TEST  RESULTS:  NC-435(3) . 1200°C 


Sample 

Bulk 

Density 

(gm/.cc) 

Strength 

(psi) 

Strain-To-Failure 
(in/in  x 10**3) 

Secant  Modulus 
(106  psi) 

43F1 

2.996 

81,440 

1.97 

45.4 

43F2 

3.008 

75,130 

1.86 

43.6 

43F3 

2.980 

73,250 

1.94 

41.3 

43F4 

2.992 

75,940 

1.95 

43.7 

43F5 

3.018 

78,200 

1.89 

46.2 

43F6 

2.976 

81,310 

2.36 

40.8 

43F7 

2.998 

89,520 

1.95 

55.9 

43F8 

3.009 

181,630 

2.12 

42.0 

43F9 

2.993 

78,200 

2.26 

36.4 

43F10 

2.993 

81,990 

2.32 

38.8 

Mean 

2.996 

79,660 

2,06 

43.4 

Std.  Dev. 

4,620 

.19 

5.3 

Max. 

89,520 

2.36 

55.9 

Min. 

73,250 

1.86 

36.4 

AVERAGE  SURFACE  FINISH  = 3 microinches  RMS 

AVERAGE  BULK  DENSITY  =3.00  gm/cm3 
AVERAGE  THEO.  DENSITY  = 93.1% 

AVERAGE  TOTAL  POROSITY  » 6.9% 

AVERAGE  OPEN  POROSITY  (meas.)  = .5% 

AVERAGE  CLOSED  POROSITY  (by  difference)  = 6.4% 
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Table  B-15 


FLEXURAL  TEST  RESULTS:  NC-435(3),  1275°C 


AVERAGE  SURFACE  FINISH 
AVERAGE  BULK  DENSITY 
AVERAGE  THEO.  DENSITY 
AVERAGE  TOTAL  POROSITY 


3 mlcrolhches  RMS 
2.99  gm/cm3 
92.97. 

7.17. 


AVERAGE  OPEN  POROSITY  (meas.)  - .9% 

AVERAGE  CLOSED  POROSITY  (by  difference)  - 6.2% 


Sample 

Bulk 

Density 

(gn/cc) 

Strength 

(psi) 

Strain-To-Faiiure 
Un/in  x 10"3) 

Secant  Modulus 
(106  psi) 

43F21 

2.986 

63,840 

1.76 

43.9 

43F22 

2.994 

64,350 

1.72 

39.6 

43F23 

2.970 

41,780 

1.02 

50.6 

43F24 

2.998 

62,030 

1.83 

41.9 

43F25 

3.003 

46,870 

1.16 

43.1 

43F26 

2.968 

55,830 

1.78 

38.2 

43F27 

2.972 

71,900 

2.13 

46.1 

43F28 

2.998 

66,380 

1.75 

43.7 

43F29 

3.004 

50,070 

1.45 

39.0 

43F30 

3.001 

67,060 

1.88 

42.0 

Mean 

2.989 

59,010 

1.65 

42.8 

Std.  Dev. 

9,890 

.34 

3.7 

Max. 

71,900 

2.13 

50.6 

Min. 

41,780 

1.02 

38.2 
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Table  B-16 


Sample 

Bulk 

Density 

(gm/cc) 

FLEXURAL  TEST 

RESULTS:  NC-435(3) , 1350°C 

Secant  Modulus 

(106  DSi) 

Strength 

(psi) 

Strain-To-Failure 

(in/in  x 10 

43F31 

2.979 

58,560 

1.90 

37.2 

43F32 

2.987 

49,130 

1.38 

40.6 

43F33 

3.007 

48,100 

1.48 

35.0 

43F34 

3.009 

54,280 

1.48 

42.9 

43F35 

3.014 

46,420 

1.30 

36.1 

43F36 

2.995 

49,080 

1.48 

38.7 

43F37 

3.016 

49,160 

1.34 

38.1 

43F38 

2.993 

50,800 

1.47 

36.8 

43F39 

2.992 

37,550 

1.04 

33.4 

43F40 

3.008 

40,040 

1.21 

37.9 

Mean 

3.000 

48,310 

1.41 

37.  7 

Std.  Dev. 

6,120 

.22 

2.7 

Max. 

58,550 

1.90 

42.9 

Min. 

37,550 

1.04 

33.4 

AVERAGE  SURFACE  FINISH  - 4 microinches  RMS 

O 

AVERAGE  BULK  DENSITY  = 3.00  gm/cm 
AVERAGE  THEO.  DENSITY  - 93.3% 

AVERAGE  TOTAL  POROSITY  = 

AVERAGE  OPEN  POROSITY  (meas.)  ■ *8% 

AVERAGE  CLOSED  POROSITY  (by  difference)  - 6.0% 


Table  B-17 


Sample 

Bulk 

Density 

(gm/cc) 

FLEXURAL  TEST 

RESULTS:  NC-435(4) . 

25#C 

Strength 

(psi) 

Strain-To-Failure 
(in/in  x 10"3) 

Elastic  Modulus 
(106  p.l) 

44F21 

2.952 

45,720 

.92 

49.2 

44F22 

2.976 

57,760 

1.14 

50.3 

44F23 

2.953 

57,970 

1.18 

49.2 

44F24 

2.953 

54,660 

1.12 

48.6 

44F25 

2.966 

53,670 

1.10 

48.7 

44F26 

2.952 

49,870 

1.05 

47.7 

44F27 

2.955 

55,740 

1.20 

48.0 

44F28 

2.981 

62,390 

1.25 

48.5 

44F29 

2.949 

52,670 

1.10 

47.5 

44F30 

2.982 

61,000 

1.20 

50.3 

Mean 

2.962 

55,150 

1.13 

48.8 

Std.  Dev. 

5,020 

.09 

1.0 

Max. 

62,390 

1.25 

50.3 

Min. 

45,720 

.92 

47.5 

AVERAGE  SURFACE  FINISH  - 3 microinches  RMS 

AVERAGE  BULK  DENSITY  - 2.96  gm/cm3 
AVERAGE  THEO.  DENSITY  - 92. ll 

AVERAGE  TOTAL  POROSITY  - 7.9* 

AVERAGE  OPEN  POROSITY  (meas.)  - 1.3% 

AVERAGE  CLOSED  POROSITY  (by  difference)  •6.6%  * 
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Table  B-18 


FLEXURAL  TEST  RESULTS:  NC-435C4).  1200°C 


Bulk 

Density 

(gm/cc) 

Strength 

(psi) 

Strain-To-Failure 
(in/in  x 10  3) 

Secant  Modulus 
flO6  psi) 

44F1 

2.958 

56,760 

2.18 

33.3 

44F2 

2.981 

59,490 

1.92 

41.3 

44F3 

2.981 

68,820 

1.82 

46.8 

44F4 

2.983 

67,700 

2.37 

39.2 

44F5 

2.986 

56,800 

1.90 

36.9 

44F6 

2.981 

61,940 

2.00 

43.2 

44F7 

2.978 

67,450 

2.42 

39.2 

44F8 

2.962 

61,550 

1.97 

38.9 

44F9 

2.968 

63,720 

2.41 

38.3 

44F10 

2.968 

59,630 

1.89 

40.7 

Mean 

2.975 

62,390 

2.09 

39:7 

Std.  Dev. 

4,430 

.24 

3.7 

Max. 

68,820 

2.42 

46.8 

Min. 

56,760 

1.82 

33,3 

AVERAGE  SURFACE  FINISH  - 5 microinches  RMS 
AVERAGE  BULK  DENSITY  - 2.98  gm/cm3 
AVERAGE  THEO.  DENSITY  - 92.57. 

AVERAGE  TOTAL  POROSITY  - 7.57. 

AVERAGE  OPEN  POROSITY  (meas.)  - 1.27. 

AVERAGE  CLOSED  POROSITY  (by  difference)  » 6.37. 


Table  B-19 


FLEXURAL  TEST  RESULTS:  NC-435(4),  1275°C 


Sample 

Bulk 

Density 

(gm/cc) 

Strength 

(psi) 

Strain-To-Failure 
(in/in  x 10"3) 

Secant  Modulus 
(106  psi) 

44F11 

2.956 

60,960 

2.20 

34.8 

44F12 

2.959 

54,990 

1.88 

37.0 

44F13 

2.956 

59,490 

1.76 

41.3 

44F14 

2.952 

55,660 

1.86 

38.9 

44F15 

2.946 

59,120 

2.40 

34.3 

44F16 

2.963 

56,070 

1.76 

44.2 

44F17 

2.961 

61,620 

2.02 

33.3 

44F18 

2.970 

65,480 

1.65 

48.0 

44F19 

2.953 

60,960 

1.80 

42.7 

44F20 

2.975 

67,700 

2.16 

36.4 

Mean 

2.959 

60,200 

1.95 

39t.l 

Std.  Dev. 

4,130 

.24 

4.8 

Max. 

67,700 

2.40 

48.0 

Min. 

54,990 

1.65 

33.3 

AVERAGE 

AVERAGE 

AVERAGE 

AVERAGE 

SURFACE  FINISH  «= 

BULK  DENSITY 

THEO.  DENSITY  - 

TOTAL  POROSITY  - 

4 microinches  RMS 

2.96  gm/cm3 

92.0% 

8.0% 

AVERAGE  OPEN  POROSITY  (meas.)  - 1.4% 

AVERAGE  CLOSED  POROSITY  (by  difference)  - 6.6% 
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Table  B-20 


Sample 

44F31 

44F32 

44F33 

44F34 

44F35 

44F36 

44F37 

44F38 

44F39 

44F40 

Mean 

Std.  Dev. 

Max. 

Min. 


FLEXURAL  TEST  RESULTS:  NC-435(4).  1350°C 


Bulk 

Density 

Strength 

(psi) 

Strain-To-Failure 
(in/in  x 10“3) 

Secant  M 
(106 

2.966 

42,670 

1.53 

35.3 

2.971 

43,770 

1.48 

36.7 

2.969 

43,770 

1.55 

35.6 

2.957 

42,400 

1.62 

31.3 

2.948 

40,000 

1.37 

34.6 

2.960 

42,000 

1.48 

36.4 

2.963 

43,770 

1.48 

35.0 

2.956 

38,000 

1.30 

33.9 

2.970 

42,400 

1.35 

36.5 

2.990 

35,340 

1.16 

33.3 

2.965 

41,410 

1.44 

34.9 

2,810 

.14 

1.7 

43,770 

1.62 

36.7 

35,340 

1.16 

31.3 

AVERAGE  SURFACE 

FINISH  « 4 microinches  RMS 

P-s,iJ). 


AVERAGE  BULK  DENSITY  = 2.97  gm/cm3 

AVERAGE  THEO.  DENSITY  = 92.2% 

AVERAGE  TOTAL  POROSITY  ™ 7.8% 

AVERAGE  OPEN  POROSITY  (meas . ) = 1.2% 
AVERAGE  CLOSED  POROSITY  (by  difference) 


6.7%.. 
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TABLE  B-22 


FLEXURAL  TEST  RESULTS:  NC-350(2) , ROOM  TEMPERATURE 


SAMPLE 

BULK 

DENSITY 

gm/cc 

STRENGTH 
(psi)  _ 

STRAIN  -TO-FAILiJRE 
(in/in  x 10 ~3) 

ELASTIC  MODULUS 
(10°  psO 

32F1 

2.383 

16,280 

.74 

21.7 

32F2 

2.412 

28,580 

1.21 

23.3 

32F3 

2.385 

29,610 

1.26 

23.5 

32F4 

2.329 

19,610 

.88 

22.1 

32F5 

2.399 

26,250 

1.10 

23.7 

32F6 

2.415 

17,810 

.70 

25.1 

32F7 

2.426 

18,420 

.74 

25.0 

32F8 

2.428 

36,540 

1.50 

24.1 

32F9 

2.404 

25,420 

1.11 

22.6 

32F10 

2.378 

16,750 

.70 

23.8 

Mean 

23,530 

.99 

23.5 

Std.  Dev. 

6,790 

.28 

1.1 

Max. 

36,540 

1.50 

25.1 

Min. 

16,280 

.70 

21.7 

AVERAGE  SURFACE  FINISH  = 

6.4  pin  RMS 

AVERAGE  BULK  DENSITY  = 

2.40  gm/cc 

AVERAGE  THEO.  DENSITY  = 

74.97. 

AVERAGE  TOTAL  POROSITY  = 

25.17. 

AVERAGE  OPEN  POROSITY  (meas)  = 17 . 47. 

AVERAGE  CLOSED  POROSITY  (by  difference)  = 7 . 77. 


TABLE  B-23 


I 

I 

I 

I 

I 

I 

I 

I 

l 

l 

I 

I 

I 

I 

I 

I 

I 

I 

I 


SAMPLE 

FLEXURAL 

TEST  RESULTS 

: NC-350(3).  25#C 

ELASTIC  MODULUS 
(10°  psi) 

BULK 

DENSITY 

giu/re 

STRENOTH 

(psi) 

STRAIN -TO-FAILURE 
(in/in  x 10 ~3) 

33F1 

2.547 

45,460 

1.55 

28.6 

33F2 

2.561 

30,340 

1.04 

28.1 

33F3 

2.569 

45.720 

1.56 

29.2 

33F4 

2.510 

33,900 

1.28 

25.8 

33F5 

2.513 

26,540 

1.02 

25.7 

33F6 

2.539 

25.760 

.91 

28.3 

33F7 

2.536 

37,980 

1.38 

27.5 

33F8 

2.547 

30,190 

1.08 

27.7 

33F9 

2.533 

29,080 

1.03 

28.2 

33F10 

2.532 

34,620 

1.26 

27.5 

Mean 

33,960 

1.21 

27.7 

Std.  Dev. 

7,154 

.23 

1.1 

Max. 

45,720 

1.56 

29.2 

Min. 

25,760 

.91 

25.7 

AVERAGE 

AVERAGE 

AVERAGE 

AVERAGE 

AVERAGE 

AVERAGE 


SURFACE  FINISH  = 4.5  yin  RMS 

BUUC  DENSITY  * 2.54  gm/cc 

THBO.  DENSITY  - 79 . 37. 

TOTAL  POROSITY  = 20.71 

OPEN  POROSITY  (meas)  = 10-37. 
CLOSED  POROSITY  (by  difference)  = 


10.47. 
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TABLE  B-24 


FLEXURAL 

TEST  RESULTS: 

NC-350 (1) , 1200°C 

SAMPLE 

BULK 

DENSITY 

gm/_cc 

STRENGTH 

(psi) 

STRAIN  -TO-FAILURE 
(in/ in  x 10~3) 

ELASTIC  MOD 
(10°  psi) 

31F1 

2.537 

63,240 

1.82 

34.1 

31F2 

2.511 

64,450 

1.76 

40.9 

31F3 

2.502 

63,500 

2.17 

28.9 

31F4 

2.523 

46,670 

1.62 

28.4 

31F5 

2.518 

62,000 

1.97 

32.9 

31F6 

2.517 

42,030 

— 

— 

31F7 

2.530 

67,790 

2.00 

33.4 

31F8 

2.530 

64,450 

2.04 

30.6 

31F9 

2.536 

65,560 

1.99 

32.1 

31F10 

2.520 

60,010 

1.93 

31.5 

Mean 

59,970 

1.92 

32.5 

Std.  Dev. 

8,550 

.16 

3.7 

Max. 

67,790 

2.17 

40.9 

Min. 

42,030 

1.62 

28.4 

AVERAGE  SURFACE  FINISH  = 5. 0 yin  RMS 

AVERAGE  BULK  DENSITY  - 2.52  gm/cc 

AVERAGE  THEO.  DENSITY  = 78  . 87. 

AVERAGE  TOTAL  POROSITY  = 21.27. 

AVERAGE  OPEN  POROSITY  (tneas)  = 13.97. 

AVERAGE  CLOSED  POROSITY  (by  difference)  - 7. 37. 
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TABLE  B-25 


SAMPLE 

NC-350C2).  1200#C 

1 

> 

BULK 

DENSITY 

gn/cc 

STRENGTH 
(psi) _ 

STRAIN -TO-FAILURE 
(in/ in  x 10*3) 

ELASTIC  MODULUS 
(10°  psi) 

32F11 

2.410 

51,500 

1.98 

24.4 

32FL2 

2.408 

48,220 

2.14 

21.8 

32F13 

2.389 

55,100 

2.66 

20.1 

32F14 

2.383 

61,810 

2.75 

22.3 

32F15 

2.385 

68,350 

2.72 

21.5 

32F16 

2.418 

58,950 

2.41 

24.7 

32F17 

2.373 

63,310 

2.88 

21.6 

32F18 

2.374 

51,570 

2,30 

22.0 

32F19 

2.419 

58,950 

2.23 

26.1 

32F20 

2.413 

68,460 

2.59 

26.3 

Mean 

58,620 

2.47 

23.1 

Std.  Dev. 

7,030 

,30 

2.1 

26.3 

Max. 

68,460 

2.88 

20.1 

Min. 

48,220 

1.98 

AVERAGE  SURFACE  FINISH  = 

8.4  win  RMS 

AVERAGE  BULK  DENSITY  = 

2.40  gm/cc 

AVERAGE  THEO.  DENSITY  - 

74.9% 

AVERAGE  TOTAL  POROSITY  - 

25.1% 

AVERAGE  OPEN  POROSITY  (meas)  = 17 . 5% 

AVERAGE  CLOSED  POROSITY  (by  difference)  = 7 67# 
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V 1 


1 

TABLE 

B-26 

] 

FLEXURAL 

TEST  RESULTS 

: NC-350C3),  1200°C 

s 

SAMPLE 

BULK 

DENSITY 

gm/cc 

STRENGTH 

(psi) 

STRAIN  -TO-FAILURE 
(in/  in  x 10-3) 

ELASTIC  MODULUS 
(106  psi) 

• - j 

33F11 

2.508 

64,H0 

2.30 

28.0 

33F12 

2.541 

68,910 

2.29 

30.1 

33F13 

2.541 

50,830 

1.63 

32.0 

33F14 

2.515 

58,100 

2.06 

27.7 

33F15 

2.551 

49,850 

1.77 

27.7 

i ] 

33F16 

2.500 

60,200 

2.30 

26.2 

33F17 

2.529 

32,050 

1.14 

26.8 

J 

33F18 

2.531 

61,810 

1.64 

37.2 

33F19 

2.546 

55,170 

1.77 

31.4 

] | 

33F20 

2.542 

62,200 

— 

i 1 

J ] 

Mean 

56,320 

1.88 

29.7 

Std.  Dev. 

10,350 

.39 

3.5 

Max. 

68,910 

2.30 

37.2 

Min. 

32,050 

1.14 

26.2 

l 

AVERAGE  SURFACE  FINISH  = 

4 yin  RMS 

i 

AVERAGE  BULK  DENSITY  = 

2.53  gm/cc 

i 

AVERAGE  THEQ. 

DENSITY  = 

79.1% 

J ! 

AVERAGE  TOTAL  POROSITY  = 

20.9% 

ri 

AVERAGE  OPEN  POROSITY  (nseas)  = 10.9% 

AVERAGE  CLOSED  POROSITY 

(by  difference) 

= 10% 

D 

o 
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TABLE  B-27 


FLEXURAL  TEST  RESULTS:  NC>350(1) , 1350 *C 


SAMPLE 

BULK 

DENSITY 

gm/cc 

STRENGTH 

(psi) 

STRAIN-TO-FAIUJRE 
(in/in  x 10-3) 

ELASTIC  MODULUS 
CIO® psi) 

31F21 

2.503 

50,800 

1.84 

25.4 

31F22 

2.496 

47,780 

1.90 

24.3 

31F23 

2.516 

63,340 

2.24 

26.6 

31F24 

2.484 

60,010 

1.95 

31.2 

31F25 

2.476 

55,650 

1.86 

29.2 

31F26 

2.496 

43,890 

1.43 

30.7 

31F27 

2.494 

64,050 

2.25 

28.1 

31F28 

2.515 

49,690 

1,82 

26.6 

31F40 

2.547 

50,025 

2.52 

18.5 

31F41 

2.510 

59,540 

2.09 

28.5 

Mean 

54,480 

1.99 

26.9 

Std.  Dev. 

7,000 

.30 

% 

3.7 

Max. 

64,050 

2.52 

31.2 

Min. 

43,890 

1.43 

18.5 

AVERAGE  SURFACE  FINISH  - 

5.5  uin  RMS 

AVERAGE  BULK  DENSITY  = 

2.50  gm/cc 

AVERAGE  THEE,  DENSITY  - 

78.  IX 

AVERAGE  TOTAL  POROSITY  - 

21. 9X 

AVERAGE  OPEN  POROSITY  (meaa)  - 14.  8X 

AVERAGE  CLOSED  POROSITY  (by  difference)  - 7.  IX 
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TABLE  B-28 


FLEXURAL  TEST  RESULTS:  NC-350(2) . 1350°C 


SAMPLE 

32F21 

32F22 

32F23 

32F24 

32F25 

32F26 

32F27 

32F28 

32F29 

32F30 


BULK 

DENSITY" 

gm/cc 

2.395 

2.392 

2.413 

2.403 

2.395 

2.406 

2.416 

2.383 

2.375 

2.452 


STRENGTH 


61,330 

61,920 

67,790 

73,480 

60,000 

54,520 

57,160 

59,820 

61,240 

64,040 


STRAIN-TO-FAILURE 
(in/in  x 10~3) 

2.53 

2.50 

2.82 

2.96 

2.38 

2.56 

2.68 

2.27 

2.72 

2.86 


ELASTIC  MODULUS 
nn6  n»n 


24.4 

24.9 

23.6 

24.9 

26.7 

20.8 
21.2 

27.9 
18.1 
22.1 


Mean 


62,130 


2.63 


23.5 


Std.  Dev. 


5,360 


73,480 


2.96 


27.9 


54,520 


2.27 


18.1 


AVERAGE  SURFACE  FINISH  = 6.1  yin  RMS 

AVERAGE  BULK  DENSITY  = 2.40  gm/cc 

AVERAGE  THEO.  DENSITY  = 75 . 17. 

AVERAGE  TOTAL  POROSITY  = 24.  97. 

AVERAGE  OPEN  POROSITY  (meas)  * 16.97. 

AVERAGE  CLOSED  POROSITY  (by  difference)  = 8.07. 
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Table  B-29 


0 

FLEXURAL 

TEST  RESULTS 

: NC-350(3) . 1350 

°_C 

u 

0 

SAMPLE 

BULK 

EENSITY 

gm  lor 

2.559 

STRENGTH 

(psi) 

STRAIN  -T0-FAHURE 
(in/in  x 10-3) 

SECANT  MODULUS 
(106  psi) 

I f i 

33F21 

58,100 

2.30 

25.0 

LJ 

33F22 

2.562 

64,470 

2.29 

27.6 

33F23 

2.547 

58,120 

2.04 

26.3 

y 

33F24 

2.552 

66,220 

2.58 

25.4 

33F25 

2.554 

36,120 

1.42 

25.0 

n 

33F26 

2.528 

51,180 

1.95 

24.8 

33F27 

2.539 

61,440 

2.58 

23.8 

it 

33F28 

2.552 

54,400 

2.20 

24.8 

LJ 

33F29 

2.545 

60,770 

2.33 

26.1 

fl 

33F30 

2.525 

60,480 

2.34 

26.2 

u 

n 

Mean 

57,140 

2.20 

25.5 

Std.Dev. 

8,600 

.34 

1.1 

fl 

Max. 

66,220 

2.58 

27.6 

Min. 

36,120 

1.42 

23.8 

y 

u 

0 

D 

D 

n 


AVERAGE  SURFACE  FINISH  - 4.3  yin.  RMS 
AVERAGE  BULK  DENSITY  = 2.55  gm/cc 

AVERAGE  THEO.  DENSITY  - 79 . 6% 

AVERAGE  TOTAL  POROSITY  - 20. 47. 

AVERAGE  OPEN  POROSITY  (meas)  - 9.87. 
AVERAGE  CLOSED  POROSITY  Qny  difference)  - 





10.67. 
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Table  B- 30 


m 

l 


SAMPLE 

31F29 

31F30 

31F31 

31F32 

31F33 

31F34 

31F35 

31F36 

31F37 

31F38 

Mean 
Std. Dev. 
Max. 

Min. 


FLEXURAL  TEST  RESULTS:  NC-350(1),  1500°C 


BULK 

DENSITY 

gn/cc 

2.478 

2.515 

2.492 

2.498 

2.545 

2.528 

2.559 

2.506 

2.532 

2.514 


STRENGTH 



34,780 

44,720 

50,000 

47,480 

43,000 

49,525 

51.010 
47,930 

54.010 
39,090 

46,150 

5,850 

54,010 

34,780 


STRAIN-TO-FAILURE 
(in/ in  x 

1.85 

1.94 

2.55 

2.16 

2.19 

1.91 
1.97 

1.92 
1.50 


2.00 


2.55 

1.50 


AVERAGE  SURFACE  FINISH  = 5 2 yin.  RMS 
AVERAGE  BULK  DENSITY  ~ 2.52  gin/ cc 

AVERAGE  THEO.  DENSITY  - 78 . 67o 

AVERAGE  TOTAL  POROSITY  = 21.4% 

AVERAGE  OPEN  POROSITY  (meas)  = 14. 

AVERAGE  CLOSED  POROSITY  (by  difference)  = 7.3% 


SECANT  MODULUS 
(106  psi) 

18.9 

23.6 

21.4 

21.8 

22.1 

26.7 
24.3 

28.5 
26.2 

23.7 


28.5 

18.9 


r< 

n 

1 

" 

u 

Table 

B-  31 

; 

II 

FLEXURAL 

TEST  RESULTS 

: NC-350C2) . 1500° 

C 

; 

Li 

U 

SAMPLE 

BULK 

DENSITY 

am/cc 

STRENGTH 

(psi) 

STRAIN  -TO-FAHURE 
(in/in  x 10*3) 

SECANT  MODULUS  . 

(10*  Psi) 

32F31 

2.347 

39,460 

2.06 

19.8 

32F32 

2.488 

48,440 

2.30 

21.3 

32F33 

2.358 

37,460 

2.26 

16.9 

32F34 

2.407 

47,780 

2.50 

19.1 

32F35 

2.501 

55,430 

2.49 

22.1 

32F36 

2.465 

54,840 

2.32 

23.8 

32F37 

2.360 

36,790 

1.89 

19.8 

32F38 

2.403 

56,850 

2.65 

21.2 

Li  32F39 

2.386 

48,080 

2.44 

19.3 

32F40 

2.378 

29,150 

1.39 

22.1 

Mean 

45,430 

2.23 

20.5 

Std.Dev. 

9,130 

.37 

2.0 

Max. 

56,850 

2.65 

23.8 

Min. 

0 

29,150 

1.39 

16.9 

0 

AVEHACE  SURFACE  FINISH  - < 

>.  3 yin.  RMS 

AVERAGE  BULK  DENSITY  = 2. 41  gtn/cc 

AVERAGE  THEO. 

DENSITY  - 75.37. 

AVERAGE  TOTAL  POROSITY  - 24.  77. 

AVERAGE  OPEN  POROSITY  (meas)  - 18.37. 
AVERAGE  CLOSED  POROSITY  (by  difference)  - 

n 

6,4% 

u 

n 
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Table  B- 32 


SAMPLE 

FLEXURAL 

TEST  RESULTS: 

NC-350(3).  15006C 

» 

BULK 

DENSITY 

gpi/cc 

STRENGTH 

(psi) 

STRAIN-TO-FAHJURE 
(in/ in  x 10~3) 

SECANT  MODULUS 
(10b  psi) 

33F31 

2.566 

55,430 

1.90 

26.8 

33F32 

2.550 

52,840 

1.94 

27.8 

33F33 

2.506 

55,170 

1.98 

28.1 

33F34 

2.466 

45,200 

1.91 

23.7 

33F35 

2.560 

57,730 

2.13 

27.4 

33F36 

2.522 

55,170 

2.07 

26.1 

33F37 

2.522 

47,490 

1.67 

32.7 

33F38 

2.548 

56,180 

1.60 

34.9 

33F39 

2.534 

53,500 

1.83 

29.5 

33F40 

2.535 

51,840 

1.71 

31.3 

Mean 

53,060 

1.88 

28.8 

Std. Dev. 

3,950 

.17 

3.3 

Max. 

57,730 

2.13 

34.9 

Min. 

45,200 

1.60 

23.7 

AVERAGE  SURFACE  FINISH  = 4.7  uin.  RMS 
AVERAGE  BULK  DENSITY  = 2.53  gm/cc 

AVERAGE  THEO.  EENSITY  = 79 . 17. 

AVERAGE  TOTAL  POROSITY  = 20.97. 

AVERAGE  OPEN  POROSITY  (meas)  - 10 . 87. 

AVERAGE  CLOSED  POROSITY  (by  difference)  - 10. 17. 
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Table  B-33 


0 


FLEXURAL  TEST  RESULTS:  KBI(l).  25°C 

« 


SAMPLE 

BULK 

DENSITY 

gra/cc 

STRENGTH 

(psi) 

STRAIN-TO-FAILUKE 
(in/  in  x 10-3) 

ELASTIC  MODULUS 
(10°  psi) 

K1F31 

2.700 

28,130 

1.02 

27.2 

K1F32 

2.708 

28,830 

1.02 

28.5 

K1F33 

2.560 

27,760 

1.23 

22.6 

K1F34 

2.480 

18,060 

1.08 

16.8 

K1F35 

2.713 

29,190 

1.08 

26.5 

K1F36 

2.265 

16,490 

1.12 

14.5 

K1F37 

2.717 

29,390 

1.12 

26.6 

K1F38 

2.355 

21,330 

1.15 

18.7 

K1F39 

2.308 

19,210 

1.10 

17.4 

K1F40 

2.287 

14,290 

.88 

16.1 

Mean 

23,270 

1.08 

21.5 

Std.Dev. 

5,970 

.09 

5.4 

Max. 

29,390 

1.23 

28.5 

Min. 

14,290 

.88 

14.5 

AVERAGE  SURFACE  FINISH  = 58  yin  RMS 
AVERAGE  BULK  DENSITY  = 2.51  gm/cc 

AVERAGE  THEO.  DENSITY  = 78.4% 

AVERAGE  TOTAL  POROSITY  - 21 . 6% 

AVERAGE  OPEN  POROSITY  (meas)  - 19  • 8?° 

AVERAGE  CLOSED  POROSITY  (by  difference)  = 1.8% 
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TABLE  B- 34 


SAMPLE 

FLEXURAL 

TEST  RESULTS 

: KBI (2) , 25°C 

ELASTIC  MODULUS 
(106  psi) 

BULK 

DENSITY 

gm/cc 

STRENGTH 

(psi) 

STRAIN-TO-FAUJURE 
(in/in  x 10 ~3) 

K2F21 

2.329 

15,550 

.96 

16.5 

K2F22 

2.669 

27,570 

.96 

28.8 

K2F23 

2.365 

20,220 

1.10 

18.5 

K2F24 

2.351 

19,550 

1.10 

18.0 

K2F25 

2.351 

20,040 

1.06 

18.8 

K2F26 

2.357 

19,520 

1.05 

18.1 

K2F27 

2.689 

30,530 

1.06 

28.7 

K2F28 

2.368 

19,840 

1.10 

18.2 

K2F29 

2.718 

29,200 

1.00 

28.9 

K2F30 

2.342 

16,000 

.95 

17.0 

Mean 

21,800 

1.03 

21.1 

Std.  Dev. 

5,340 

.06 

5.3 

Max. 

- 

30,530 

1.10 

28.9 

Min. 

15,550 

.95 

16.5 

AVERAGE  SURFACE  FINISH  = 

34  yin  RMS 

AVERAGE  BULK  DENSITY  = 

2.45  gm/cc 

AVERAGE  THEO. 

DENSITY  = 

76.77. 

AVERAGE  IDEAL  PCROSHY  = 

23.37. 

AVERAGE  OPEN  POROSITY  (meas)  = 21. 17. 

AVERAGE  CLOSED  POROSITY  (by  difference)  = 

2.27. 

Table  B- 35 

FLEXURAL  TEST  RESULTS:  KBI(3).  25°C 


SAMPLE 

BULK 

DENSITY 

gn/cc 

STRENGTH 
(psi)  _ 

STRAIN-TO-FAILURE 
(in/in  x 10-3) 

ELASTIC  MODULUS 
(10°  psi) 

K3F21 

2.339 

24,770 

1.23 

20.0 

K3F22 

2.371 

17,470 

.85 

20.6 

K3F23 

2.371 

11,320 

.55 

20.  7 

K3F24 

2.366 

13.080 

.62 

21.2 

K3F25 

2.336 

21,360 

1.06 

19.9 

K3F26 

2.384 

19,590 

.96 

20.7 

K3F27 

2.320 

18,930 

.98 

19.1 

K3F28 

2.335 

11,960 

.63 

19.3 

K3F29 

2.384 

23,250 

1.09 

21.3 

K3F30 

2.284 

19,160 

1.10 

17.5 

Mean 

18,080 

.91 

20.0 

Std. Dev. 

4,650 

.23 

1.2 

Max. 

24,770 

1.23 

21.3 

Min. 

11,320 

.55 

17.5 

AVERAGE  SURFACE  FINISH  - 22  ^in-  RMS 
AVERAGE  BULK  DENSITY  = 2 • 35  cc 

AVERAGE  THEO.  DENSITY  = 73-47° 


AVERAGE  TOTAL  POROSITY  - ZD  • D/o 
AVERAGE  OPEN  POROSITY  (meas)  = 23  • 97# 

AVERAGE  CLOSED  POROSITY  (by  difference)  = 2.  77. 
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Table  B-36 

FLEXURAL  TEST  RESULTS:  KBI(l) , 1200°C 


SAMPLE 

BULK 

DENSITY 

gm/cc 

STRENGTH 

(psi) 

STRAIN  -TO-FAU  JJRE 
(in/in  x 10~3) 

ELASTIC  MODULUS 
(10°  psi) 

K1F11 

2.289 

20,320 

.68 

30.6 

K1F12 

2.245 

17,500 

. 71 

25.4 

K1F13 

2.290 

20,630 

.91 

21.4 

K1F14 

2.299 

17,930 

.75 

23.6 

K1F15 

2.704 

23,510 

1.01 

25.5 

K1F16 

2.269 

18,770 

.87 

22.0 

K1F17 

2.278 

20,190 

1.10 

18.4 

K1F18 

2.279 

20,100 

1.09 

18.3 

K1F19 

2.508 

26,470 

1.22 

21.8 

K1F20 

2.289 

19,560 

.79 

25.0 

Mean 

20,500 

.91 

23.2 

Std. Dev. 

2,680 

.18 

3.7 

Max. 

26,470 

1.22 

30.6 

Min. 

17,500 

.68 

18.3 

AVERAGE  SURFACE  FINISH  - 56  yin.  RMS 
AVERAGE  BULK  DENSITY  = 2.35  gm/cc 

AVERAGE  THEO.  DENSITY  = 73.4% 

AVERAGE  TOTAL  POROSITY  = 26 . 6% 

AVERAGE  OPEN  POROSITY  (meas)  = 25.4% 
AVERAGE  CLOSED  POROSITY  (by  difference) 


11 

11 

[1 
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Table  B-37 

FLEXURAL  TEST  RESULTS:  KBI(2),  1200°C 


L 


BULK 


SAMPLE 

DENSITY 

gm/cc 

STRENGTH 

(psi) 

STRAIN -TO-FAILURE 
(in/in  x 10-3) 

ELASTIC  MODULUS 
(10®  psi) 

K2F11 

2.548 

31,620 

1.36 

22.4 

K2F12 

2.356 

16,260 

.53 

30.3 

K2F13 

2.341 

21,660 

.73 

29.1 

K2F14 

2.351 

23,970 

.69 

34.5 

K2F15 

2.348 

20,700 

.59 

35.2 

K2F16 

2.565 

32,710 

.93 

34.5 

K2F17 

2.376 

22,050 

.79 

27.1 

K2F18 

2.687 

27,190 

.71 

39.5 

K2F19 

2.351 

9,480 

.22 

42.6 

K2F20 

2.354 

24,540 

.82 

29.5 

Mean 

23,020 

.74 

32.5 

Std.Dev. 

6,880 

.29 

6.0 

Max. 

32,710 

1.36 

42.8 

Min. 

9,480 

.22 

22.4 

AVERAGE  SURFACE  FINISH  - 35  yin.  RMS 
AVERAGE  BULK  DENSITY  « 2.43  gm/cc 

AVERAGE  THED.  DENSITY  - 75 . 97. 

AVERAGE  TOTAL  POROSITY  - 24.17. 

AVERAGE  OPEN  POROSITY  (rasas)  - 22 . 57. 

AVERAGE  CIGSED  POROSITY  (by  difference)  -1.6% 

I 1 

D 

0 

_ 


im 
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TABLE  b- 

38 

y 

FLEXURAL 

TEST  RESULTS: 

KBI(3).  1200°C 

[i 

HULK 

u 

SAMPLE 

DENSITY 

gm/cc 

STRENGTH 

(psi) 

STRAIN -TO-FAILURE 
(in/ in  x 10~3) 

ELASTIC  MODULUS 
(106  psi) 

K3F11 

2.377 

26,480 

.75 

35.2 

K3F12 

2.321 

24,170 

.87 

27.7 

K3F13 

2.383 

25,030 

.94 

32.7 

K3F14 

2.362 

21,510 

.82 

27.7 

y 

K3F15 

2.341 

23,560 

1.01 

23.1 

K3F16 

2.384 

27,220 

.91 

30.1 

u 

K3F17 

2.326 

16,520 

.84 

20.3 

K3F18 

2.348 

19,970 

.72 

27.6 

fl 

K3F19 

2.375 

22,680 

.94 

22.4 

LJ 

K3F20 

2.356 

13,250 

.57 

22.6 

D 

Mean 

22,040 

.84 

26.9 

n 

LJ 

Std.  Dev. 

4,410 

.13 

4.9 

Max. 

27,220 

1.01 

35.2 

Min. 

13,250 

.57 

20.3 

Li 

AVERAGE  SURFACE  FINISH  = 

22  yin  RMS 

AVERAGE  HULK  DENSITY  = 

2. 36  gm/cc 

AVERAGE  THEO. 

DENSITY  = 

73.77. 

LJ 

AVERAGE  TOTAL  POROSITY  = 

26.37. 

n 

AVERAGE  OPEN  POROSITY  (meas)  - 23.67. 

; AVERAGE  CLOSED  POROSITY  (by  difference)  = 

i 

2.77. 

u 

D 

n 

u 

_ 
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TABLE  B-40 


FLEXURAL 

TEST  RESULTS: 

KBI(2).  1350°C 

SAMPLE 

• 

BULK 

DENSITY 

em/cc 

STRENGTH 

(psi) 

STRAIN-TO-FAILURE 

(in/in  x 10~3) 

SECANT  MODULUS 
(106  psi) 

K2F1 

2.670 

29,110 

.79 

36.3 

K2F2 

2.354 

18,640 

.44 

42.8 

K2F3 

2.565 

34,240 

.75 

44.8 

K2F4 

2.669 

32,880 

.80 

40.2 

K2F5 

2.718 

32,770 

.75 

45.1 

K2F6 

2.279 

13,890 

.68 

20.4 

K2F7 

2.343 

14,610 

.86 

16.7 

K2F8 

2.345 

20,610 

1.27 

16.5 

K2F9 

2.341 

30,380 

1.77 

17.1 

K2F10 

2.335 

13,210 

.68 

19.4 

Mean 

24,030 

.88 

30.0 

Std.  Dev. 

8,660 

.38 

12.8 

Max. 

34,240 

1.77 

45.1 

Min. 

13,210 

.44 

16.5 

AVERAGE 

SURFACE  FINISH  - 

34  yin  RMS 

AVERAGE 

BULK  DENSITY  = 

2.46  gm/cc 

> 

AVERAGE 

THBO. 

DENSITY  = 

76.97. 

AVERAGE 

TOTAL  POROSITY  = 

23.17. 

AVERAGE 

OPEN  POROSITY  (meas)  - 20.37. 

AVERAGE 

CLOSED  POROSITY  (by  difference)  = 

2.87. 
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TABLE  B-41 


r 

% 


FLEXURAL  TEST  RESULTS: 


I 


KBI (3) , 1350°C 


i 


SAMPLE 

BULK 

DENSITY 

gm/cc 

STRENGTH 

(psi) 

STRAIN-TO-FAILURE 
(in/in  x 10~3) 

K3F1 

2.380 

19,530 

.43 

K3F2 

2.378 

10,260 

.34 

K3F3 

2.321 

25,750 

.95 

K3F4 

2.375 

27,970 

.77 

K3F5 

2.347 

21,960 

.73 

K3F6 

2.304 

19,570 

.97 

K3F7 

2.315 

15,100 

.63 

K3F8 

2.374 

17,940 

.56 

K3F9 

2.357 

23,360 

.77 

K3F10 

2.343 

20,480 

.74 

Mean 

20,190 

.69 

Std.  Dev. 

5,110 

.20 

Max. 

27,970 

.97 

Min. 

10,260 

.34 

AVERAGE 

AVERAGE 

AVERAGE 

AVERAGE 

AVERAGE 

AVERAGE 

SURFACE  FINISH  = 24  pin  RMS  • 

BULK  DENSITY  = 2.35  gm/cc 

THEO,  DENSITY  = 73.47. 

TOTAL  POROSITY  = 26 . 67. 

OPEN  POROSITY  (meas)  = 23.97. 
CLOSED  POROSITY  (by  difference)  = 

2.77. 

307 


SECANT  MODULUS 
(106  psi) 

50.7 

29.3 

26.5 

36.0 

30.0 

20.1 

23.3 

31.8 

30.7 

22.6 

30.1 

8.7 

50.7 


20.12 


TABLE  B-42 


FLEXURAL  TEST  RESULTS: 

KBI(l).  1500°C 

BULK 

DENSITY 

STRENGTH 

STRAIN  -TO-FAILURE 

SAMPLE 

gn/cc 

(psi) 

(in/ in  x 10~3) 

K1F21 

2.237 

18,170 

.86 

K1F22 

2.313 

20,570 

1.32 

K1F23 

2.696 

28,100* 

.93 

K1F24 

2.743 

32,210 

.91 

K1F25 

2.539 

34,290 

1.66 

K1F26 

2.275 

19,360 

.86 

K1F27 

2.262 

21,530 

1.05 

K1F28 

2.273 

14,140 

.53 

K1F29 

2.724 

29,300 

__** 

Mean 

24,190 

1.02 

Std.  Dev. 

6,970 

.34 

Max. 

34,290 

1.66 

Min. 

14,140 

.53 

AVERAGE 

SURFACE  FINISH  = 

64  yin  RMS 

AVERAGE 

BULK  DENSITY  = 

2.45  gm/cc 

AVERAGE 

THEO.  TENSITY  = 

76.67. 

AVERAGE 

TOTAL  POROSITY  = 

23.47. 

AVERAGE 

OPEN  POROSITY  (meas)  = 22.17. 

AVERAGE 

CLOSED  POROSITY  (by  difference)  = 

1.37. 

* FIXTURE  FAILED,  sample  did  not  fracture 

**  DEFLECTOMETER  JAM 


SECANT  MODULUS 
(106  psi) 

20.9 
15.7 

24.0 

35.4 

22.1 
22.6 

23.9 

26.4 
__** 

23.9 

5.6 

35.4 
15.7 
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TABLE  B-43 


SAMPLE 

FLEXURAL  TEST  RESULTS: 

KBI(2).  1500*C 

SECANT  MODULUS 
(106  pal) 

BULK 

DENSITY 

mJcc 

STRENGTH 

(psi) 

STRAIN -TO -FAILURE 
(in/in  x 10-3) 

K2F31 

2.340 

17,150 

.73 

27.2 

K2F32 

2.348 

14,520 

.81 

20.3 

K2F33 

2.367 

18,710 

.88 

21.5 

K2F35 

2.653 

20,930 

.54 

38.2 

K2F36 

2.356 

15,520 

.99 

15.8 

K2F37 

2.369 

19,750 

.88 

22.7 

K2F38 

2.355 

8,630 

.64 

15.6 

Mean 

16,460 

.78 

23.0 

Std.  Dev. 

4,130 

.16 

7.8 

Max. 

20,930 

.99 

38.2 

Min. 

8.630 

.54 

15.6 

AVERAGE  SURFACE  FINISH  - 
AVERAGE  BULK  DENSITY  - 
AVERAGE  THBO.  DENSITY  - 
AVERAGE  TOTAL  POROSITY  - 
AVERAGE  OPEN  POROSITY  (m 
AVERAGE  CLOSED  POROSITY 


41  pin  RMS 
2.40  gm/cc 
74. 9% 

25.1% 

,)  - 22.3% 

r difference)  - 2.8% 


TABLE  B-44 


FLEXURAL  TEST  RESULTS:  KBI(3) , 1500°C 


SAMPLE 

BULK 

DENSITY 

gm/cc 

STRENGTH 

(psi) 

STRAIN -TO-FAILURE 
(in/in  x 10*3) 

SECANTMODULUS 
(106  psi) 

K3F31 

2.301 

21,140 

1.18 

19.7 

K3F32 

2.331 

12,380 

.68 

18.3 

K3F33 

2.347 

21,100 

.97 

21.7 

K3F34 

2.320 

20,410 

.88 

29.7 

Mean 

18,760 

.93 

22.4 

Std.  Dev. 

4,260 

.21 

5.1 

Max. 

21,140 

1.18 

29.7 

Min. 

12,380 

.68 

18.3 

AVERAGE  SURFACE  FINISH  - 19  yin  RMS 

AVERAGE  BULK  DENSITY  * 2.33  gm/cc 

AVERAGE  THEO.  DENSITY  * 72.7% 

AVERAGE  TOTAL  POROSITY  ■ 27.3% 

AVERAGE  OPEN  POROSITY  (meas)  - 24. 9% 

AVERAGE  CLOSED  POROSITY  (by  difference)  - 2.4% 


* Remainder  of  batch  sent  to  AFML  for  controlled  surface 
flaw  fracture  mechanics  measurements. 
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Table  B-45 


I 


fi 


FLEXURAL  TEST  RESULTS 
KYOCERA 


SUPPLIER: 

MATERIAL: 


SN-3,  HPSl-N. 

o 34 

TEMPERATURE:  25  C 


ATMOSPHERE: 


Air 


i n 

11 

Sample 

Bulk 

Density 

Cgm/cc) 

Strength 

(pel) 

Strain-To-Failure 
(In/ in  x 10“3) 

Secant  Me 
(106  l 

0 

A1P1 

3.072 

68,280 

1.90 

35.8 

n 

A1F2 

3.071 

79,350 

2.20 

35.7 

u 

A1F3 

3.077 

71,450 

1.92 

37.1 

| 

A1F4 

3.072 

64,660 

1.75 

36.9 

U 

A1F5 

3.072 

79,000 

2.10 

37.1 

U 

A1F6 

3.070 

76,560 

2.15 

36.6 

A1F7 

3.073 

84,700 

2.22 

37.1 

Table  B-46 


FLEXURAL  TEST  RESULTS 


SUPPLIER: 

KYOCERA 

MATERIAL: 

SN-3 HPSi3N4 

• 

TEMPERATURE: 

750°C 

ATMOSPHERE: 

Air 

Sample 

Bulk 

Density 

(gm/cc) 

Strength 
(psi) 

Strain-To-Failure 
(in/in  x 10”3) 

Secant  Modulus 
(106  psi) 

A1F14 

3.056 

91,090 

2.37 

37.6 

A1F15 

3.058 

85,540 

2.32 

37.3 

A1F16 

3.055 

76,280 

2.21 

34.5 

A1F17 

3.039 

63,800 

1.86 

34.5 

A1F18 

3.060 

83,200 

2.32 

36.1 

Mean 

79,980 

2.22 

36.0 

Std.  Dev. 

10,490 

.21 

1.5 

Max. 

91,090 

2.37 

37.6 

Min. 

63,800 

1.86 

34.5 

Avg. 

Surf . 

Finish  * 7 yin  RMS 

Avg. 

Bulk 

Density  ■ 3.05  gm/cc 

Avg. 

Theo . 

Density  “ 95. 4% 

Avg. 

Total 

Porosity  * 4.6% 

Avg. 

Open 

Porosity  (seas)  ■ . 

04% 

Avg. 

Closed  Porosity  (by  Difference)  = 4.56* 

[J 

u 

J 

0 

D 

D 

f] 

11 

D 

0 

[1 

0 

0 

n 

o 

D 

n 
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Table  B-47 
FLEXURAL  TEST  RESULTS 


SUPPLIER: 

KYOCERA 

MATERIAL: 

TEMPERATURE: 

SN-3,  HP  Si  N 

1000°C 

ATMOSPHERE: 

Air 

Sample 

Bulk 

Density 

(gm/cc) 

Strength 

(psi) 

Strain-To-Failure 
(in/ in  x 10“^) 

Secant  Modulus 
(10°  psi) 

A1F9 

3.073 

34,980 

2.18 

17.3 

A1F10 

3.071 

38,690 

2.22 

18.8 

A1F11 

3.044 

35,320 

2.32 

17.0 

A1F12 

3.075 

35,020 

2.08 

18.7 

A1F13 

3.055 

38,300 

2.33 

17.8 

Mean 

36,460 

2.23 

17.9 

Std.  Dev. 

1,860 

.10 

.80 

Max. 

38,690 

2.33 

18.8 

Min. 

34,980 

2.08 

17.0 

Avg.  Surf.  Finish  - 8 yin  RMS 
Avg.  Bulk  Density  - 3.06  gm/cc 
Avg.  Theo.  Density  - 95.7% 

Avg.  Total  Porosity  - 4.3% 

Avg.  Open  Porosity  (meas)  - 0.1% 

Avg.  Closed  Porosity  (by  Difference)-  4.2% 
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Table  B-48 
FLEXURAL  TEST  RESULTS 


SUPPLIER: 

KYOCERA 

1. 

MATERIAL: 

SN-3,  HPSI.N. 

3 4 

f 

TEMPERATURE: 

1125°C 

L 

ATMOSPHERE: 

Air 

Sample 

Bulk 

Density 

(gm/cc) 

Strength 

(psi) 

Strain-To-Failure 
(in/in  x 10~3) 

Secant  Modulus 
(10*  psi) 

A1F21 

3.059 

22,230 

2.05 

14.1 

A1F22 

3.059 

22,490 

2.32 

13.2 

Mean 

3.059 

22,360 

2.19 

13,7  l 

Std.  Dev. 
Max. 

Min. 


Table  B-49 


FLEXURAL  TEST  RESULTS 


Sample 

Bulk 

Density 

(Rm/cc) 

SUPPLIER: 

MATERIAL: 

TIMPERATURE: 

ATMOSPHERE: 

Strength 

(psi) 

KYOCERA 

SN-3,  HPSi_N 

o 34 

1250  C 

Air 

Strain-To-Failure 
(in/in  x 10~3) 

Secant  Modulus 
(10*  psi) 

A1F8 

3.074 

8,700 

3.92 

8.9 

A1F19 

3.054 

9,300 

5.22 

10.0 

A1F20 

3.058 

6,390 

2.94 

8.6 

i 


8,130 


4.0 


9.2 


Dev. 


Avr.  Surf.  Finish  ■ 9 yin  RMS 

Avr.  Bulk  Density  ■ 3.06  Rm/cc 

Avr.  Theo.  Density  ■ 95. 7X 

Avr.  Total  Porosity*  4.3X 

Avr.  Onen  Porosity  (meas)  * .IX 

Avr.  Closed  Porositv  (by  Difference)  * 4.2X 
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Table  B-50 


n 

i 

FLEXURAL  TEST  RESULTS 


SUPPLIER:  • 

KYOCERA 

n a 

MATERIAL: 

SN-201,  Sintered 

S13N4 

lj  1 

TEMPERATURE: 

25°C 

ATMOSPHERE: 

Air 

Bulk 

Density 

Strength 

Strain-To-Failure 

Secant.Modulus 

n 1 

Sample 

(gm/cc) 

(psi) 

(in/in  x 10”^) 

(10°  psi) 

B1F1 

3.002 

46,160 

1.35 

34.3 

L.  9 

] 

n rl 

B1F2 

3.007 

36,900 

1.11 

34.9 

0 1 

B1F3 

3.005 

50,120 

1.43 

33.3 

1 1 

B1F4 

3.001 

51,350 

1.43 

34.4 

Li  1 

B1F5 

3.005 

53.670 

1.46 

35.4 

[1 

B1F6 

3.004 

52.670 

1.56 

32.7 

9 

r 1 

B1F7 

3.012 

56,410 

1.60 

35.7 

D 1 

Mean 

49,610 

1.42 

34.4 

D j 

Std.  Dev. 

6,440 

.16 

1.1 

0 I 

Max. 

56,410 

1.60 

35.7 

Min. 

36,900 

1.11 

32.7 

[i  i 

Avg.  Surf.  Finish  * 16  yin  RMS 

Avg.  Bulk  Density  - 3.01  gm/cc 

Avg.  Theo.  Density  ■ 93.9 X 

Avg.  Total  Porosity  ■ 6.  IX 

Avg.  Open  Porosity  (meas)  ■ . IX 

Avg.  Closed  Porosity  (by  Difference)  ■ 6% 

D 
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Table  B-51 
FLEXURAL  TEST  RESULTS 


SUPPLIER:  KYOCERA 

MATERIAL:  SN-201,  Sintered  Si,N  . 

3 4 

TEMPERATURE:  750  C 
ATMOSPHERE:  Air 

Bulk 


Sample 

Density 

(gm/cc) 

Strength 

(P«i? 

Strain-To-Failure 
(ln/ln  x 10"3) 

Secant  Modulus 

do  p«i> 

B1F14 

2.999 

53,530 

1.53 

35.4 

B1F15 

2.999 

56,630 

1.49 

36.9 

B1F16 

2.999 

61,430 

1.72 

36.0 

B1F17 

3.001 

63,000 

1.76 

36.1 

B1F18 

3.000 

52,340 

1.56 

33.3 

Mean 

57,390 

1.61 

35.5 

Std.  Dev. 

4,710 

.12 

1.4 

Max. 

63,000 

1.76 

36.9 

Min. 

52,340 

1.49 

33.3 

Avg.  Surf.  Finish  - 15  yin  RMS 
Avg.  Bulk  Density  - 3.00  gm/cc 
Avg.  Theo.  Density  ■ 93. 7% 

Avg.  Total  Porosity  ■ 6.3% 

Avg.  Open  Porosity  (seas)  - 0.1X 

Avg.  Closed  Porosity  (by  Difference)  ■ 6.2% 


3 


Table  B-52 
FLEXURAL  TEST  RESULTS 


Sample 

Bulk 

Density 

(gm/cc) 

SUPPLIER: 

MATERIAL: 

TEMPERATURE: 

ATMOSPHERE: 

Strength 

(psl) 

KYOCERA 

SN-201,  Sintered  Sl^N^ 
1000°C 

Air 

Straln-To-Failure 
(in/ln  x 10"3) 

Secant  Modulus 
(106  psl) 

B1F9 

3.004 

32,080 

1.34 

24.4 

B1F10 

2.963 

35,040 

1.41 

25.2 

B1F11 

3.011 

37,140 

1.57 

23.5 

B1F12 

2.996 

37,100 

1.45 

25.9 

B1F13 

2.996 

35,560 

1.50 

24.3 

Mean 

35,380 

1.45 

24.7 

Std.  Dev. 

2,070 

.09 

.9 

Max. 

37,140 

1.57 

25.9 

Min. 

32,080 

1.34 

23.5 

Avg.  Surf. 

Avg.  Bulk 

Avg.  Theo. 

Finish  “ 

Density  - 

Density  > 

16  yin  RMS 

2.99  gm/cc 

- 93. 6X 

Avg.  Total  Porosity  - 6.4X 
Avg.  Open  Porosity  (seas)  ■ 0.3X 

Avg.  Closed  Porosity  (by  Difference)  - 6.1Z  . . 

! . 

D 
11 
[1 
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Table  B-53 


mri 


FLEXURAL  TEST  RESULTS 


Std.  Dev. 
Max. 

Min. 


SUPPLIER: 

KYOCERA 

MATERIAL: 

SN-201,  Sintered 

Si3H4 

TEMPERATURE: 

1125°C 

ATMOSPHERE: 

Air 

Sanple 

Bulk 

Density 

(ga/cc) 

Strength 

(pal) 

Strain-To-Fallure 
(in/in  x 10-3) 

Secant  Modulus 
<10*  pel) 

B1F20 

2.996 

30,900 

1.89 

21.7 

B1F21 

2.986 

30,670 

1.81 

23.1 

B1F22 

2.989 

30,700 

1.64 

23.8 

Mean 

30,760 

1.78 

22.9 

Avg.  Surf.  Finish  - 15  pin  RMS 
Avg.  Bulk  Density  - 2.99  gn/cc 
Avg.  Theo.  Density  " 93. 4% 

Avg.  Total  Porosity  - 6.6% 

Avg.  Open  Porosity  (seas)  - . 3X 
Avg.  Closed  Porosity  (by  Difference) 


l 


6.3X 
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Table  B-54 


FLEXURAL  TEST  RESULTS 


SUPPLIER:  KYOCERA 

MATERIAL:  SN-201,  Sintered  si  N 

o 3 4 

TEMPERATURE:  1250  C 


ATMOSPHERE: 

Air 

Sample 

Bulk 

Density 

(gm/cc) 

Strength 

(psi) 

Strain-To-Failure 
(in/ in  x 10" 3) 

Secant  Modulus 
(106  psi) 

B1F8 

3.015 

10,270 

8.05 

14.0 

B1F19 

2.991 

11,800 

3.85 

22.8 

11,040  6.0  18.4 


Min.  I . 

D 

Avg.  Surf.  Finish  * 13  pin  RMS 
Avg.  Bulk.  Density  * 3.00  gm/cc 
Avg.  Theo.  Density  ■ 93.8% 

Avg.  Total  Porosity  ■ 6.2% 

Avg.  Open  Porosity  (meas)  - 0.1% 

Avg.  Closed  Porosity  (by  Difference)  ■ 6.1% 


0 
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Table  B-55 


T 

I 

I 


Std.  Dev. 
Max. 


FLEXURAL  TEST  RESULTS 


SUPPLIER: 


KYOCERA 


I 

MATERIAL: 

§ • 

TEMPERATURE: 

1 1 

Bulk 

ATMOSPHERE: 

Denalty 

Strength 

1 T 

Sample 

(gm/cc) 

1 

21F1 

2.870 

37,000 

I 

21F2 

2.805 

41,670 

* 

21F3 

2.787 

36,340 

V 

I 1 

21F4 

2.804 

39,920 

T 

21F5 

2.800 

33,340 

I * 

21F6 

2.812 

40,210 

I 

21F7 

2.729 

35,900 

1 I 

Mean 

37,770 

Strain-To-Failure 


(in/in  x 10 

1.31 
1.55 
1.34 
1.53 

1.32 
1.38 
1.10 


Secant  Modulua 
(106  pel) 


2,930 

41,670 


Table  B-56 


FLEXURAL  TEST  RESULTS 


SUPPLIER: 

MATERIAL: 

TEMPERATURE: 

ATMOSPHERE: 


KYOCERA 

SN-205 , SINTERED  Si^ 
750°C 


Air 


Bulk 


Sample 

Density 

(gm/cc) 

Strength 

(psi) 

S t ra in-To-Failure 
(in/ln  x 10”3) 

Secant  Modulus 
(106  psi) 

21F14 

2.801 

34500 

1.45 

26.5 

21F15 

2.808 

44600 

1.54 

28.6 

21F16 

2.814 

42940 

1.49 

29.0 

21F17 

2.815 

40670 

1.47 

27.8 

21F18 

2.805 

38120 

1.51 

25.0 

Mean 

40170 

1.49 

27.4 

Std.  Dev. 

4000 

.04 

1.6 

Max. 

44600 

1.54 

29.0 

Min. 

34500 

1.45 

25.0 

Avg.  Surf.  Finish  - 17  pin  RMS 

Avg.  Bulk  Density  * 2.81  gm/cc 

Avg.  Theo  Density  “ 87. 8Z 

Avg.  Total  Porosity  - 12. 2Z 

Avg.  Open  Porosity  (meas)  ■ 6.8Z 

Avg.  Closed  Porosity  (by  Difference)  * S.4Z 
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Table  B-57 


FLEXURAL  TEST  RESULTS 

SUPPLIER:  KYOCERA 

MATERIAL:  SN-205,  Sintered  Si^ 

TEMPERATURE:  1000°C 
ATMOSPHERE:  Air 


Saaple 

Bulk 

Density 

(s®/cc) 

Strength 

(pal) 

Straln-to-Failure 
(in/in  x 10"3) 

Secant, Modulus 
(10  psi) 

21F9 

2. 815 

32,040 

1.87 

17.9 

21F10 

2.786 

20,160 

1.65 

13.3 

21F11 

2.805 

26,840 

1.63 

17.5 

21F12 

2.820 

27,840 

1.78 

16.3 

21F13 

2.842 

26,170 

2.14 

14.7 

Mean 

26,610 

1.81 

16.0 

Std.  Dev. 

4,270 

.21 

1.9 

Max. 

32,040 

2.14 

17.9 

Min. 

20,160 

1.63 

13.3 

Avg.  Surf.  Finleb  - 17  yin  RMS 

Avg.  Bulk  Density  * 2.81  gn/cc 

Avg.  Theo.  Density  - 87. 9X 

Avg.  Total  Porosity  • 12. IX 

Avg.  Open  Porosity  (aeas)  - 6.7Z 

Avg.  Closed  Porosity  (by  Difference)  • 5.4X 


Table  B-58 


FLEXURAL  TEST  RESULTS 

Bulk 

Density 

SUPPLIER: 

MATERIAL: 

TEMPERATURE: 

ATMOSPHERE: 

Strength 

KYOCERA 

SN-205,  Sintered  Si 
1125°C 

Air 

Strain-to-Failure 
(in/in  x 10-3) 

3N4 

Secant  Modulus 

Sample 

• (gm/cc) 

(p*i) 

(106  psi) 

21F20 

2.824 

17880 

1.51 

15.1 

21F21 

2.799 

15650 

1.76 

12.1 

21F22 

2.811 

17950 

1.92 

13.1 

Mean 

17160 

1.73 

13.4 

Std.  Dev. 
Max. 

Min. 


Avg.  Surf.  Finish  ■ 28  yin  RMS 

Avg.  Bulk  Density  - 2.81  gm/cc 

Avg.  Theo.  Density  “ 87. 9Z 

Avg.  Total  Porosity  “ 12.lt 

Avg.  Open  Porosity  (neas)  - 6.8Z 

Avg.  Closed  Porosity  (by  Difference)  - 5.3Z 


L 1 

0 

f] 

O' 


Table  B-59 
FLEXURAL  TEST  RESULTS 


Bulk 

SUPPLIER: 

MATERIAL: 

TEMPERATURE: 

ATMOSPHERE: 

KYOCERA 

SN-205  Sintered  Si.  N . 
. 3 4 

1250  C 

Air 

Density 

Strength 

Strain-To-Failure 

Secant  Modulus 
(106  psi) 

Sample 

(gm/cc) 

(psi) 

(in/in  x 10“^) 

21F8 

2.796 

3690 

6.05 

1.7 

21F19 

2.803 

2990 

5.66 

2.3 

Mean 

Std.  Dev. 

3340 

5.86 

2.0 

Max. 


Min. 


Avg. 

Surf . 

Finish  « 

16  yin  RMS 

Avg. 

Bulk 

Density  = 

2.80  gm/cc 

Avg. 

Theo . 

Density 

= 87.5% 

Avg. 

Total 

Porosity 

- 12.5% 

Avg. 

Open 

Porosity 

(meas)  * 6.8% 

Avg. 

Close 

d Porosity  (by  difference) 
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TABLE  B-60 


FLEXURAL  TEST  RESULTS 


SUPPLIER:  CARBORUNDUM 

MATERIAL:  SINTERED  a-SiC 

TEMPERATURE:  25°C 
ATMOSPHERE:  Air 


Sample 

Bulk 
Density 
Km/ cc 

Strength 



Strain-To -Failure 
(in/in  x 10“^) 

Secant  1 
(106  1 

81F1 

3.136 

53,170 

. 80 

60.5 

81F2 

3.147 

44*750 

. 90 

52.1 

81F3 

3.133 

37,710 

.65 

57.9 

81F4 

3. 184 

50,700 

. 85 

59.7 

81F5 

3.142 

38,730 

. 68 

58.2 

81F6 

3.171 

40,210 

.68 

61.4 

81F7 

3.198 

44,310 

.75 

57.4 

Mean  3.159 

44,230 

. 76 

58.2 

Std.  Dev. 

5,930 

.10 

3.0 

Max. 

53,170 

.90 

61.4 

Min. 

37,710 

.65 

52.1 

Avg.  Surf.  Finish  = 11  yin  RMS 
Avg.  Bulk  Density  ■ 3.16  gm/cc 
Avg.  Theo,  Density  - 98.7% 

Avg.  Total  Porosity  *1.3% 

Avg.  Open  Porosity  (meas)  = ~0% 

Avg.  Closed  Porosity  (by  Difference) 


1.3% 
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TABLE  B-61 


FLEXURAL  TEST 

RESULTS 

SUPPLIER:  CARBORUNDUM 

MATERIAL:  SINTERED  a-SiC 

TEMPERATURE:  1000  C 

ATMOSPHERE:  Air 

Sample 

Bulk 

Density 

Kd/cc 

Strength 
Cpsi) 

S train-To-Failur e 
(in/in  x 10“^) 

Secant  Modulus 
(106  psi) 

81F15 

3.134 

62,840 

1.03 

60.3 

81F16 

3.196 

53,170 

. 82 

63.0 

81F17 

3.138 

58,240 

. 88 

66.2 

81F18 

3.150 

53,920 

. 81 

66.  6 

81F19 

3.143 

47,790 

. 69 

69.0 

81F20 

3.138 

60,110 

.87 

69.5 

81F21 

3.197 

51,830 

.71 

74.2 

Mean  3.157 

55,410 

. 83 

67.0 

Std.  Dev. 

5,220 

. 11 

4.5 

Max. 

62,840 

1.03 

74.2 

Min. 

47,790 

.69 

60.3 

Avg. 

Surf.  Finish  = 10  yin  RMS 

Avg. 

Bulk  Density  * 3.16  gm/cc 

Avg. 

Theo,  Density  *98.7% 

Avg. 

Total  Porosity  = 1.3% 

Avg. 

Open  Porosity  (meas)  * ^o% 

Avg. 

Closed  Porosity  (by  Difference)  * 1.3% 
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TABLE  B-62 
FLEXURAL  TEST  RESULTS 


SUPPLIER:  CARBORUNDUM 
MATERIAL:  SINTERED  a-SIC 
TEMPERATURE:  1250°C 
ATMOSPHERE:  Alr 


Sample 

Bulk 

Density 

gm/cc 

Strength 

tgsi) 

Strain-To-Failure 
(in/in  x 10“-*) 

• 

Secant  Modulus 
(10®  psi) 

81F8 

3.154 

49,560 

.78 

63.6 

81F9 

3.  129 

67,820 

1. 10 

60.5 

81F10 

3.154 

64,350 

. 92 

69.9 

81F11 

3.186 

36,010 

.50 

71.5 

81F12 

3.157 

72,030 

1.22 

58.7 

81F13 

3.146 

50,280 

. 80 

62.5 

81F14 

3.147 

59,210 

1.05 

56.1 

Mean 

3.153 

57,040 

.91 

63,3 

Std.  Dev. 

12,540 

. 24 

5.7 

Max. 

72,030 

1.22 

71.5 

Min. 

36,010 

.50 

56.1 

Avg.  Surf.  Finish  = 6 Pin  RMS 

Avg,  Bulk  Density  = 3.15  gm/cc 

Avg.  Theo , Density  - 98.5% 

Avg.  Total  Porosity  = 1.5% 

Avg.  Open  Porosity  (meas)  = ~o% 

Avg.  Closed  Porosity  (by  Difference)  ■ 1.5% 


PVM( 


Table  b-63 
FLEXURAL  TEST  RESULTS 


SUPPLIER:  GE 

MATERIAL:  Sintered  (B)  SIC,  boron  doped 

TEMPERATURE:  25°C 
ATMOSPHERE:  Air 


Saaple 

Density 

(gm/cc) 

Strength 

(pel) 

Strain-To-Failure 
(in/ in  x 10“3) 

Secant  Modulus 
(10*  psi) 

G1F1 

2.993 

64,040 

1.28 

49.5 

G1F2 

3.044 

64,110 

1.15 

55.8 

G1P3 

2.999 

— 

— 

51.9 

G1F4 

3.037 

75,840 

1.22 

54.0 

G1F5 

3.019 

61,350 

1.09 

56.3 

G1F6 

3.055 

52,340 

.92 

56.2 

G1F7 

3.041 

64,910 

1.15 

56.8 

Mean 

63,770 

1.14 

54.4 

Std.  Dev. 

3,080 

.12 

2.8 

Max. 

75,840 

1.28 

56.8 

Min. 

52,340 

.92 

49.5 

Avg.  Surf.  Finish  - 12  yin  RMS 
Avg.  Bulk  Density  - 3.03  gm/cc 
Avg.  Theo.  Density  • 94. 6% 

Avg.  Total  Porosity  - 5.4% 

Avg.  Open  Porosity  (seas)  - 0.9% 

Avg.  Closed  Porosity  (by  Difference)  ” 4.5% 
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TABLE  B-64 


FLEXURAL  TEST  RESULTS 
SUPPLIER:  GE 

MATERIAL:  Sintered  (6)  SiC,  boron-doped 

TEMPERATURE:  I000°C 
ATMOSPHERE:  Air 


Sample 

Bulk 
Density 
(gm/ cc) 

Strength 

(psi) 

S train-To-Failure 
(in/in  x 10  ^) 

Secant  Modulus 
(10^  psi) 

G1F8 

3.025 

79,380 

1.  34 

59.1 

G1F9 

3.039 

94,690 

1.44 

66.3 

G1F10 

3.031 

83,810 

1.29 

65.0 

G1F11 

3.035 

78,850 

1.16 

67.8 

G1F12 

3.051 

71,340 

1.15 

61.7 

G1F13 

3.057 

48,380 

. 78 

62.2 

G1F14 

3.040 

69,780 

1.15 

60.4 

Mean 

75,180 

1.19 

63.2 

Std.  Dev. 

14,420 

. 21 

3.2 

Max. 

94,690 

1.44 

67.8 

Min. 

48,380 

. 78 

59.1 

Avg.  Surf.  Finish  - H Min  RMS.. 

Avg.  Bulk  Density  ■ 3.04  gm/cc 

Avg.  Theo.  Porosity  - 95. OX 
Avg.  Total  Porosity  “ 5% 

Avg.  Open  Porosity  (meas)  ” 0*6X 

Avg.  Closed  Porosity  (by  Difference)  ■ 4.4% 


TABLE  B-65 


FLEXURAL  TEST  RESULTS 
SUPPLIER:  GE 

MATERIAL:  Sintered  (8,  SiC,  boron-doped 
TEMPERATURE:  1250°C 
ATMOSPHERE:  Air 


Sample 

Bulk 

Density 

(gm/cc) 

Strength 

(psi) 

Strain-To -Failure 
(in/in  x 10~3) 

Secant  Modulus 
(106  psi) 

G1F15 

3.001 

55,000 

1.01 

54.1 

G1F16 

3.034 

73,560 

1.34 

54.5 

G1F17 

3.096 

85,890 

1.57 

54.3 

G1F18 

3.026 

77,060 

1.39 

55.8 

G1F19 

3.027 

82,890 

1.35 

61.  5 

G1F20 

3.026 

59,060 

1.02 

58.2 

G1F21 

3.040 

57,340 

. 94 

61.3 

Mean 

70,110 

1.23 

57.1 

Std.  Dev. 

12,820 

. 24 

3.2 

Max. 

85,890 

1.57 

61.5 

Min. 

55,000 

.94 

54.1 

Avg.  Surf.  Finish  “ H y*n  RMS. 

Avg.  Bulk  Density  - 3.04  gm/cc 

Avg.  Theo.  Density  -94.9X 

Avg.  Totsl  Porosity  -5. IX 

Avg.  Open  Porosity  (mess)  -1-4X 

Avg.  Closed  Porosity  (by  Difference)  -3.7X 
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. APPENDIX  C 

C.  1 Thermal  Shock 

* Fracture  of  brittle  ceramics  due  to  thermally  induced 

1 2 

stresses  or  thermal  shock  has  received  considerable  attention  * . 

§ Earlier  work^  focused  on  the  conditions  necessary  to  avoid 

2 

catastrophic  failure  initiation.  More  recent  investigations 
I have  centered  on  also  avoiding  or  reducing  post-shock  damage 

* 3 

and  understanding  failures  due  to  thermal  fatigue  . A variety 
| of  testing  methods  have  been  developed  for  measuring  thermal 

* shock  but  results  are  often  difficult  to  apply  to  actual 

* engineering  designs . This  is  because  thermal  shock  is  a com- 

I plex  phenomenon  that  depends  on  materials  characteristics,  test 

method,  sample  geometry,  and  environment.  Although  not  always 
| practiced,  it  is  generally  recognized  that  the  most  meaningful 

results  are  obtained  by  simulating  as  closely  as  possible  the 

I conditions  that  will  apply  to  a material  or  component  in  actual 

B 

service. 

I C.1.1  Thermal  Shock  Theory 

I Understanding  of  thermal  shock  has  improved  significantly 

from  the  application  of  fracture  mechanics  to  determine  when  cri- 
■ tical  fracture  conditions  have  been  reached  and  how  much  damage 

* has  occurred  before  propagating  cracks  are  arrested^ ’ ^ Advances 

_ in  understanding  subcritical  crack  propagation  have  also  been 

I applied  to  thermally  induced  stress  situations. 

a Although  actual  component  geometries  and  thermal  environ- 

| ments  are  often  complex,  thermal-elastic  theory  has  been  used 

to  establish  stress  distributions  in  simple  shapes  for  a variety 
I of  heat  transfer  conditions  . These  have  been  used  for  analysis 

of  thermally  initiated  fracture.  For  an  uncons trained  component 
I subjected  to  a rapid  temperature  change,  AT,  the  surface  stress 

as  a function  of  time  may  be  represented  as  in  Figure  C.l. 
^Appendix  references  found  at  end  of  Appendix. 
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The  peak  stress  developed  lsJ 


E a AT 


B (B) 


where  = peak  stress 


E ” Young ' s modulus 


a = thermal  expansion  coefficient 


y “ Poission's  ratio 


B ■ a h/k  ■ Biot's  modulus  * heat  transfer  or  quench 
severity  parameter. 


B(B)“  function  dependent  on  sample  and  heat  transfer 
configurations . 


a * size  factor  or  heat  transfer  distance,  i.e. 
radius  or  half  plate  thickness,  etc. 


h * heat  transfer  coefficient 


k * thermal  conductivity 


As  the  severity  of  quench  is  increased  the  peak  stress 
magnitude  increases  and  the  time  to  reach  this  peak  decreases, 
as  shown  in  Figures  C.2  and  C.3.  Initial  thinking  considered 


failure  to  occur  when  equaled  the  "breaking  stress"  of  the 


ceramic  and  the  largest  Griffith  microcrack  became  critical. 

U._  _ 1 o_i  , I 1 J 1 


Manson  and  Smith  suggested  improved  agreement  between  theory 
and  experiment  might  be  achieved  by  incorporating  the  distri- 
bution of  strengths  measured  on  ceramics  using  the  Weibull 
modulus.  This  view  emphasized  that  the  most  critical  flaw  might 
not  be  at  the  surface  and  that  volume  effects  of  flaw  distribu- 
tion could  also  influence  thermal  shock  results.  Their  data  on 
steatite  did  not  show  sufficient  variability  to  clearly  estab- 
lish this  view  but  cognizance  of  the  flaw  distribution  was  re- 
tained in  latter  development. 
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In  a theory  which  combined  considerations  of  crack  ini- 
tiation and  crack  propagation,  Hasselman  assumed  a body  containing 
a uniform  distribution  of  N isolated  (non  interacting  stress 
fields)  circular  Griffith  cracks  per  unit  volume,  which  propagate 
radially  under  uniform  thermal  stress.  The  total  energy  per 
unit  volume  is  obtained  from  the  sum  of  elastic  plus  fracture 
contributions : 


W. 


3 (a 

20=257 


AT)  2E, 


-]'1 


2ttN£2G 


(2) 


where  W - total  energy  per  unit  volume 

E * Young's  modulus  of  crack  free  material 

0 

1 * crack  length 

G - strain  energy  release  rate  or  fracture 
surface  energy 

8 

Following  the  lead  of  Berry  , the  creation  of  a crack  by 
thermal  shock  is  considered  to  lower  the  effective  Young's 
modulus,  which  in  turn  causes  the  thermal  stresses  to  relax 
and  this  reduces  the  driving  force  for  crack  propagation.  There- 
fore a propagating  crack  is  unstable  until  no  more  strain  energy 
can  be  released  by  further  lengthening: 


dwt 

ar- 


o 


(3) 


Using  Equation  (3)  Equation  (2)  may  be  rearranged  to  give  the  criti- 
cal temperature  difference  needed  for  crack  instability  as  a 
function  of  crack  length  or  crack  density.  This  is  shown  in  Figure 
C.4  as  thermal  strain  vs.  crack  length.  For  special  cases  of  short 
or  long  cracks  simplified  expressions  for  the  critical  temperature 
difference,  ATc,  maybe  obtained: 
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AT 


_2E0aZ(l-yZ)£  J 


1/2  . 
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J 

V 

E_cx  £ 
o 
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Short  Crack  (4) 


ATC  - 


128ttG(1-u2)NZ£5 


1/2 


GN2  i 


1/2 


Long  Crack 


(5) 


These  show  the  influence  of  the  different  materials  parameters. 

For  short  crack  lengths  ATc  is  independent  of  crack  density, 

N,  while  for  long  cracks  a direct  proportionality  to  N is  found. 

The  £ dependence  is  for  penny  shaped  cracks  in  a solid  body; 

3/2  9 

an  £ ' relation  was  determined  for  surface  flaws  in  a flate  plate  . 


The  minimum  in  Figure  C.4  indicates  there  is  some  crack 
geometry  that  is  least  stable  to  thermally  created  stresses  while 
for  shorter  or  longer  cracks  greater  values  of  temperature 
difference  are  needed  to  inititate  (further)  propagation.  The 
above  is  based  on  a static  energy  balance  between  released 
strain  energy  and  the  fracture  energy  of  newly  created  cracks. 
However,  for  short  cracks  the  strain  energy  release  rate  may 
exceed  the  fracture  surface  energy  and  the  excess  is  kinetic 
energy  directed  to  propagating  these  cracks.  In  general  this 
occurs  when: 


> 0 


(6) 


L 

D 

i: 

c 

E 


This  additional  energy  causes  greater  crack  lengths  to  form 
before  a static  energy  balance  is  restored.  This  is  shown  as 
dashed  lines  in  Figure  C.4,  where  it  nay  be  seen  that  for  a "iven 
crack  density,  thermal  strain  is  stabilized  at  a longer  crack 
length.  For  short  initial  cracks  the  final  crack  length  is: 
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A "thermal  stress  crack  stability"  parameter  was  also  suggested^ 
to  select  materials  that  minimize  the  probability  of  fracture 
and  subsequent  damage  should  cracks  be  propagated  as  a result 
of  thermal  stress. 


severe  quench  (11) 

mild  quench  (12) 

The  ideas  developed  from  this  theory  are  summarized  in 

a Hasselman  thermal  shock  plot,  where  (residual)  strength  is 

considered  as  a function  of  temperature  difference,  Figure  C.5. 
o 

Recommendations  to  improve  resistance  to  thermal  shock  damage 

included  increasing  grain  size  or  porosity  to  increase  effective 

crack  length,  increase  crack  density  by  using  composites  of 

materials  with  mismatched  thermal  expansion  coefficients,  deliberate 

flaw  generation  by  abrasion  or  cutting,  and  increasing  surface 

fracture  energy  by  incorporation  of  plastic  or  viscous  phases  into 

the  material  or  increasing  grain  size  through  overfiring  and  grain 

growth.  Creating  a compressive  surface  layer,  especially  for 

materials  with  low  thermal  expansion  coefficients,  also  improves 

failure  initiation  resistance  Thus,  where  crack  initiation 

could  not  be  avoided,  the  prospect  was  offered  that  materials 

could  be  selected  or  created  with  strengths  that  showed  less 

change  during  thermal  cycling  and  whose  strength  level  was  greater 

than  that  of  a material  that  had  undergone  catastrophic  failure 

from  an  initially  higher  value.  Hasselman  cited  a number  of 

investigations  in  support  of  his  theory  and  several  later 

16-21 

studies  further  substantiated  the  basic  qualitative  ideas, 

especially  for  tests  using  a severe  water  or  oil  quench.  Reports 
that  did  not  show  the  sharp  decrease  in  strength  at  a critical 
temperature  quench  interval  could  usually  be  explained  as  cases 
where  a suitable  flaw  structure  already  existed  and  only  quasi- 
static crack  propagation  and  a gradual  loss  of  strength  occurred. 
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Additional  experience  showed  that  postshock  strength  testing 
variables  such  as  strain  rate,  sample  size,  sample  machining, 
stress  distribution  (4  point  bend  test  preferred  over  3 point 
loading),  and  environment  deserved  more  attention.  The 
desireability  of  obtaining  reliable  fracture  surface  energy 
measurements  as  a function  of  environment  and  mechanical  and 
thermal  history  was  also  reiterated.  Several  thermal  shock 
merit  indices  were  subsequently  summarized®. 

C.1.2  Thermal  Fatigue 

The  concepts  of  thermal  shock  crack  initiation  and  prop- 
agation were  extended  to  the  case  of  thermal  fatigue  or  slow 

22 

crack  growth  at  subcritical  thermal  stress  Stress  corrosion 
cracking  was  enhanced  by  quenching  glass  cylinders  into  water. 

A sophisticated  analytical  and  numerical  technique  was  used  to 
divide  the  transient  thermal  pulse  (Figure  c.l)  into  a series  of 
small  time  intervals  and  thus  permit  calculation  of  a given  tempera 
ture  and  stress  state  as  a function  of  time.  Thermal  shock  failure 
was  assumed  to  occur  when  the  thermal  stress  intensity  reached  Kjc 
and  the  crack  had  grown  to  a critical  value.  Results  showed  that 
knowledge  of  the  Kj-V  data  at  the  initial  sample  temperature  was 
not  needed  since  the  surface  temperature  decreased  very  rapidly 
(as  long  as  B>~0.1).  It  was  found  that  for  AT<AT  , significant 
crack  growth  occurs  in  a relatively  narrow  temperature  range  since 
the  thermal  stress  intensity  also  decreases  as  the  temperature 
is  decreased  (Figure  C.6).  Thus  loss  of  strength  prior  to  a 
ATC  quench  may  only  be  seen  within- 10°C  of  AT£  for  glass,  but 
in  this  temperature  range  the  crack  may  be  unstable  even  at  a 
thermal  stress  Intensity  less  than  Kxc.  Similar  results  may  also 
apply  to  St^N^.  The  time  to  failure  was  longer  than  the  interval 
needed  to  reach  maximum  surface  stress;  this  was  attributed  to  a 
continued  increase  in  thermal  stress  intensity  factor  with 
increasing  crack  depth  even  though  the  thermal  stress  had  peaked 
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and  was  decreasing.  Thus  crack  extension  during  a quench  is  a 
function  of  the  total  time  over  which  the  stress  intensity  is 
greater  than  the  fatigue  limit  value,  KQ.  To  keep  this  time 
to  a minimum  it  was  suggested  materials  with  high  thermal 
diffusivites  were  desired. 


AT  is  less  sensitive  to 
c 


Slow  crack  growth  also  implies 

8,  so  less  exact  knowledge  of  thermal  conductivity  and  heat 

transfer  coefficient  are  needed  for  reliable  estimates  of  AT  . 

23  c 

However,  the  temperature  dependence  of  conductivity  should 
not  be  ignored.  Lower  values  of  8 (mild  quench)  at  high 
temperatures  also  require  much  better  determination  of  K^-V  data, 
especially  of  the  fatigue  limit  value  of  stress  intensity,  Kq. 
Estimates  of  ATc  based  on  Kfanure  ■ could  give  serious  errors, 
Similarly,  caution  must  be  exercised  when  using  strength  data  to 
evaluate  thermal  stress  resistance  since  strength  testing  is  not 
likely  to  have  been  performed  under  conditions  of  temperature  and 
slow  crack  growth  identical  to  that  exf  .rienced  by  a material 
during  thermal  quenching  or  cycling.  Considerations  of  thermal 
stress  intensity  also  suggest  increasing  the  strength  of  the 
material  by  decreasing  initial  flaw  size  will  not  improve  thermal 
shock  resistance  in  stress  corrosion  environments  significantly, 
although  possible  improvements  may  be  affected  by  surface-com- 
pression strengthening10,11.  For  these  reasons  thermal-stress 

resistance  parameters”  should  contain  the  appropriate  stress  in- 
22 

tensity  factors 

kt  U-w) 


F - 

71^~ 

slow  crack  growth  absent 

(13) 

ri- 

Kt  (l-M)k 
iC 

slow  crack  growth  absent 

(14) 
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8 low  crack  growth  present 

(15) 
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slow  crack  growth  present  (16) 


Analysis  of  thermal  fatigue  Is  complicated  by  the  data 
scatter  for  ceramics  and  the  number  of  variables  that  Influence 
predictive  calculations.  Qualitative  results  show  an  Increase 


24 


In  fatigue  life  with  decreasing  stress  state,  as  expected 
Accurate  predictions  of  such  life  are  more  difficult  . Under- 


standing of  crack  propagation  Is  making  progress  but  much  remains 
to  be  done.  For  example,  the  K-V  relation: 


V - AKn  exp  (-Q/RT) 


(17) 


Is  very  sensitive  to  the  value  of  activation  energy  Q.  Changes 
of  5 or  67o,  which  are  often  less  than  the  experimental  error, 
can  significantly  influence  the  interpretation  of  thermal  fatigue 


results 


3,25 


Predictions  are  also  sensitive  to  the  assumed 


initial  flaw  size,  which  once  again  demonstrates  the  influence 


of  total  flaw  structure  and  strength  variability  pointed  out 
by  Manson  and  Smith  ^ . 


B.1.3  Thermal  Shock  Practice 


A variety  of  thermal  shock  testing  methods  are  available. 
Quenching  into  liquids  such  as  water,  oil,  or  molten  metals  have 
been  used,  as  well  as  air  and  fluidized  bed  quenches.  The 
results  and  correlations  of  these  tests  have  often  been  of  little 
value  for  engineering  design  purposes.  This  has  prompted 
suggestions  that  all  the  constitutive  materials  properties, 
i.e..  E,  o,  o,  K,  h,  e,  y,  n,  etc.,  should  be  evaluated  as 
functions  of  temperature  and  environment  for  use  in  the  appro- 


26 


to  the  other  view  that  nothing  short  of 

27 

prototype  testing  has  any  substantive  meaning  Recent  reports 


prlete  merit  index 
prototype  testing  * 
often  offer  qualifications  that  the  laboratory  results  presented 
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may  be  less  valid  for  a different  geometry  or  thermal/mechanical 
environment . 


28 

As  discussed  by  Manson  , consideration  of  the  quench 

conditions  is  very  important  in  evaluating  thermal  shock  tests  and 

results.  For  example,  a severe  quench  (large  8)  implies  a large 

sample  size  (a)  and/or  large  heat  transfer  coefficient  (h)  and 

small  thermal  conductivity  (k) . Thus  a water  quench  test  gives 

a high  h value  (~1000  Btu/hr  ft^°F)  and  usually  may  be  considered 

a severe  thermal  shock  test.  However,  if  such  a quench  is  not 

indicative  of  actual  use  conditions  (i.e.,  small  component,  air 

quench,  or  high  conductivity  material)  then  interpretation  of 

28 

results  for  design  purposes  may  be  in  error.  Manson  has  shown 
that  even  a relative  ranking  between  BeO  and  was  reversed 

between  different  quenching  conditions  and  due  to  differences  in 
thermal  conductivity.  Similar  considerations  may  also  apply  to 
various  SiC  or  Si^N^  materials,  depending  on  the  behavior  of 
and  Kq  as  a function  of  temperature  for  different  test  situations 

In  comparing  the  thermal  fatigue  behavior  of  SiC  and  Si«N.  Chen 

29  J ** 

and  Hasselman  conclude  their  work  "clearly  illustrates  that 

no  general  rules  for  the  comparative  thermal  fatigue  behavior  of 

2 materials  can  be  made  without  detailed  knowledge  of  the  thermal 

environment,  temperature  levels,  nature  of  crack  growth,  and 

other  possible  variables." 


29 


These  comments  indicate  the  most  reliable  thermal  shock 
and  thermal  fatigue  predictions  of  ceramic  turbine  components 
will  be  obtained  from  tests  which  most  closely  simulate  actual 
engine  environments  and  conditions.  Unfortunately  these  con- 
ditions vary  with  location  in  the  engine,  intended  use,  thermo- 
dynamic cycle,  fuel  used,  and  operating  loads.  Therefore  no  one 
test  is  suitable  for  all  turbine  applications.  Experimental 
thermal  stress  work  has  centered  on  evaluating  material  for  use 
as  vanes  or  stators  since  these  applications  appear  to  be  the 
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most  troublesome.  Figure  C.7  shows  the  heat  transfer  coefficient 

as  a function  of  position  on  a vane  during  emergency  shutdown, 

30 

as  determined  by  two  different  groups  for  different  engines 

Considerable  variation  is  evident.  Table  C.l  shows  the  character- 

31 

izations  of  several  types  of  quench 

In  spite  of  these  difficulties,  practical  design  necessi- 
tates some  form  of  test.  Transfer  of  samples  between  a torch 

31  32 

flame  and  air  blast  ’ or  between  an  isothermal  furnace  and 
30  33 

f ludized  bed  ’ have  been  used  to  approximate  conditions  of 

an  engine  ignition  or  flame-out 


TABLE  C.l  Thermal  -Stress -Inducing  Tests  for 

Ceramic  Prototypes  and  Specimens  (41) 


Media 

AT 

!f 

h’  o 

Btu/hr-sq-ft-  F 

Characteristics 

Engine 

2500-100 

300-1200 

AT  and  h vary  with  location 

Fluidized 

Bed 

2400-100 

125-175 

h constant 

Oil-Water 

200-100 

300-2000 

h varies  with  tenperature 

Liquid 

Metal 

2900-250 

1200 

Unsuited  to  cycling 

Bumer/Air 

Blast 

2500-100 

50-400 

h varies  with  location 

Exposure  to  actual  turbine  combustor  flame  has  also  been 
34 

reported.  An  analysis  of  the  strain  at  the  top  of  a wedge  cycled 
into  a f ludized  bed  has  been  reported  to  approximate  the  strain 
at  a vane  leading  edge  during  shutdown  . A comparision  of  the 
two  is  given  in  Figure  C.3.  Figure  C.9  shows  a typical  temperature- 
time measurement  on  a vane  entering  and  leaving  a flame  with  forced 
31 

air  cooling 
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C. 2 Internal  Friction 


The  measurement  of  residual  strength  as  an  indicator 
of  the  critical  quench  conditions  in  thermal  shock  studies  is 
well  established  (Figure  C. 5).  However,  since  the  feature  of 
interest  is  the  total  flaw  structure  as  a function  of  quench 
conditions  rather  than  merely  the  critical  strength  limiting 
flaw,  the  use  of  internal  friction  or  specific  damping  capacity 
to  evaluate  post-shock  condition  has  increased.  Whereas  the 
modulus  and  strength  may  change  by  up  to  15  and  80%,  respectively, 
after  shocking,  the  value  of  internal  friction  may  change  by 
several  hundred  percent.  It  is  a more  sensitive  measuring  method 
and  often  shows  the  onset  of  ATC  at  lower  values  of  AT  than  as 
determined  from  residual  strength  measurements.  It  is  also  non- 
destructive. 

35  36-38 

Zener  and  others  have  provided  excellent  reviews 

of  internal  friction.  Hookean  elastic  theory  implies  a direct 
and  instantaneous  linear  relation  between  low  level  force  appli- 
cation and  resultant  deformation.  However,  as  the  rate  of 
loading  and  unloading  is  increased  there  appears  a phase  lag 
between  stress  and  strain  which  results  in  the  absorption  of 
energy.  This  time  dependent  elastic  behavior  is  termed  anelasti- 
city.  Internal  friction  may  be  defined  as  the  amount  of  energy 
absorbed  during  deformation  compared  to  the  maximum  amount  of 
energy  applied  initially.  As  the  number  and  extent  of  flaws  in 
a body  increases  the  amount  of  energy  absorbed  through  flaw 
surface  friction,  plastic  zone  dislocation  motion,  etc.  also 
increases . 

There  are  at  least  five  methods  for  determing  internal 
friction  of  solids 

1)  determination  of  the  amplitude  decay  in 
free  vibration  (log  decrement  method) . 
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2)  determination  of  the  hysteresis  loop  in 
stress-strain  curve  during  vibration. 

3)  determination  of  the  resonant  peak  half- 
width in  forced  vibration. 

4)  measurement  of  energy  absorbed  during  cyclic 
forced  vibration. 

5)  determination  of  sound  wave  propagation 
parameters . 

Each  method  has  advantages  and  disadvantages,  depending  on  the 
mechanisms  responsible  for  energy  absorption,  test  environment, 
sample  geometry,  frequency  range,  and  vibration  mode  (torsion, 
longitudinal,  flexural)  of  interest. 

For  the  first  method  consider  a sample  undergoing 
forced  cyclic  or  impact  loading.  When  chis  loading  is  stopped 
the  vibrations  will  decay  at  some  natural  frequency.  The  log 
decrement  is  defined  as  the  logarithim  of  the  ratio  of  successive 
amplitudes : 

L.  D.  = In  - In  1+  £■  - ¥•  (18) 

Zn  n 

In  practice  improved  accuracy  is  obtained  by  counting  the  number 
of  cycles  to  obtain  a 507.  decrease  in  amplitude: 

L.  D = i ln2  (19) 

n 

This  method  is  simple  and  better  suited  to  measuring  very  low  values 
of  internal  friction.  There  are  problems  associated  with  dissipat- 
ing energy  at  a non-rigid  support  and  operation  at  high  frequency 
requires  use  of  sophisticated  electronic  storage  and  display 
equipment . 

The  precision  of  the  hysteresis  loop  method  is  low  since 
most  cases  give  small  loop  dimensions  on  the  strain  axis.  It 
is  better  suited  to  measures  of  large  values  of  internal  friction, 
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where  the  loop  width  (strain)  increases,  and  to  cases  where  high 
stress  amplitudes  may  be  applied.  However,  the  frequency  range 
is  limited  and  the  equipment  fairly  complex. 

The  determination  of  internal  friction  from  the  width 

of  the  resonance  peak  at  half  amplitude  (or  half  power)  is 

favored  by  many  investigators.  Measurements  may  be  made  over 

a wide  range  of  frequencies  and  a variety  of  methods  exist  to 

impart  the  forced  vibrations  to  the  sample.  Using  suitable 

driver  transducers , measurements  may  be  made  as  a function  of 

temperature  and  atmosphere  (including  vacuum) . The  formulation 
35 

due  to  Zener  is : 

Q’1  - M (2< 

/Tf 

where  Q “ internal  friction 
f - resonent  frequency 
Af  - peak  width  at  half  amplitude 

This  method  is  useful  for  measuring  the  range  of  internal  fric- 


tion normally  found  in  ceramic  materials  (10 


10"6) . Elastic 


moduli  may  also  be  obtained  from  these  resonant  frequency 

39 

measurements  at  the  same  time. 

The  energy  provided  by  the  oscillator  may  also  be  moni- 
tored as  a function  of  the  vibration  cycle  to  obtain  a measure  of 
internal  friction.  The  result  follows  from  the  definition  of 
specific  damping  capacity: 


Eabs 


/Emax 


It  may  be  seen  that  this  method  is  more  difficult  for  low  damping 
materials,  such  as  ceramics,  and  has  appearently  not  been  used 
much  in  this  field. 

The  determination  of  internal  friction  from  sonic  and 
ultrasonic  pulsed  wave  propagation  and  attenuation  has  many 
similarities  with  both  the  log  decrement  and  bandwidth  methods. 
The  pulse  amplitude  is  monitored  as  a function  of  time  (or  prop- 
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agation  velocity  and  distance) . The  method  is  suitable  for 
very  high  frequencies  and  can  give  high  accuracy.  However, 
the  equipment  is  complicated  and  the  necessity  of  properly 
coupling  the  transducer  and  the  sample  limit  the  range  of 
environments  and  temperatures  that  can  be  used. 

The  versatility  and  applicability  to  ceramics  of  the 
bandwidth  technique  explains  its  popularity  as  a means  of 
evaluating  thermal  shock  damage.  A variety  of  methods  exist 
for  vibrating  the  sample,  including  acoustic  air  coupling, 
probes  or  wire  suspension  coupling  driven  by  piezoelectric 
transducers,  electromagnetic  and  magnetos trictive  coupling, 
and  electrostatic  coupling. 

Similar  techniques  are  used  to  detect  the  vibration 
amplitude  at  the  other  end  of  the  sample.  Samples  are  usually 
supported  at  or  near  vibration  nodal  points  on  foam  pads,  knife 
edges,  or  suspended  in  wire  loops  (which  may  or  may  not  be 
connected  to  driver  and  pickup  transducers) . High  temperature 
measurements  may  be  made  using  suitable  probes  or  suspending 
fibers.  Graphite  and  silica  yarn  and  Pt,  W,  Mo,  and  other 
refractory  metal  wires  have  been  used  sucessfully,  depending  on 
furnace  atmosphere.  Cotton  thread  is  satisfactory  at  room 
temperature.  Most  of  the  considerations  that  affect  dynamic 
modulus  measurements  also  apply  to  determinations  of  internal 
friction. ^ 
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Figure  C.l  VARIATION  OF  DIMENSIONLESS  STRESS 
WITH  DIMENSIONLESS  TIME  FOR  AN 
INFINITE  FLAT  PLATE 


Dimensionless  Heat  Transfer 
Coefficient 

Figure  C.2  Variation  of  dimensionless 
time  to  maximum  surface  stress  with 
relative  heat  transfer  rate1. 


Figure  C.3  Variation  of  dimen 
sionless  stress  with  relative 
heat  transfer  rate  for  an 
infinite  flat  plate1. 


IIV  tlSRMCH  INSTITU VC 
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Figure  C.  4 MINIMUM  THERMAL  STRAIN  REQUIRED  TO  INITIATE  CRACK 
PROPAGATION  AS  A FUNCTION  OF  CRACK  LENGTH  £ND 
CRACK  DENSITY  N.  (Poisson's  ratio  = 0.25.) 
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Figure  C.  5 STRENGTH  AS  A FUNCTION  OF  THERMAL  HISTORl 


349 


o„  i47~c 


Time  (Seconds) 

Figure  C.6  Thermal  Stress  Intensity  Factor  of  a 'Surface  Crack^ 
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Figure  C.7  Surface  Heat  Transfer  Film  Coefficient 

Around  The  Surface  Of  First-Stage  Ceramic 
Vanes  During  Emergency  Deceleration  as 
Determined  by  Different  Design  Groups  30 . 
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Figure  C.b  The  strain-time  history  of  the  leading  edge  of  a vane 
in  a gas  turbine  after  sudden  shutdown  compared  with 
the  tip  of  a quenched  specimen3-1. 
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Figure  C. 9 Vane  Temperature  Versus  Time  During  Ignition  and  Flame-Out31. 
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FIGURE  6.12  THERMAL  DIFFUSIVITY  OF  NC-132  HOT-PRESSED  Si„N.  (HEAT 
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Density 


FIGURE  6 . 14  THERMAL  DIFFUSIVITY  OF  NC-350  REACTION  SINTERED 
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FIGURE  6.16  CORRELATION  OF  ROOM  TEMPERATURE  THERMAL 
CONDUCTIVITY  OF  NC-350  RS  Si,N,  WITH 
POROSITY  J 4 


L56 


